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PauL E. SABINE 
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fees purpose of this paper is to “sell” to 
the Acoustical Society and its individual 
members the idea that active support of the 
Noise Abatement Program, as a nation-wide 
movement, comes within the scope of its purpose 
and function as a _ scientific and_ technical 
organization. Briefly, the argument runs some- 
thing like this: 

(a) Acoustical science is of more importance 
to the community at large on the practical than 
on the theoretical, or purely scientific side. 

(b) The Acoustical Society can, in the long 
run, command the support of the community at 
large, for itself and for its individual members, 
only to the extent to which it and they contribute 
to the solution of practical problems in which 
the community is interested. 

(c) Noise abatement is a practical problem of 
community life involving, among other things, 
technical knowledge and skill in acoustics for 
its solution. 

(d) Therefore, purely as a matter of self- 
interest, the Acoustical Society and its members 
should actively participate in the noise abate- 
ment movement. 

A review of the history of the anti-noise 
movement in America shows that a very large 
proportion of the technical work done in noise 
surveys hitherto has been carried on by men 
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who have been prominent in the Society’s 
affairs. The most intensive attack that has been 
made on the problem of city noise was that 
sponsored by the Health Department of the 
City of New York in 1929-30 under Dr. Shirley 
W. Wynne, then Commissioner of Health. In 
the report of the Noise Abatement Commission 
appointed to study all phases of the noise 
problem, we find acknowledgments of the 
services of seven men who have long been active 
in the affairs of this Society. The recent anti- 
noise campaign in the City of Chicago was 
sponsored by the National Noise Abatement 
Council, yet much of the actual work was 
instigated and carried on by men who are 
members of the Acoustical Society. 

These illustrations indicate the essential part 
that must be taken by acoustical technicians 
and scientists in any long range program of 
nation-wide scope for noise abatement. They 
further suggest the necessity for the setting up, 
within the Society, of some agency for coordi- 
nating individual activities, and integrating these 
activities with the work of groups working on 
other phases of the noise problem. 

Such a long range, nation-wide program was in- 
itiated some two years ago by the National Noise 
Abatement Council whose activities and achieve- 
ments during the two years of its existence have 
been outlined by Mr. George P. Little. The finan- 
cial support of the movement has come from var- 
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ious firms with commercial interests in educating 
the public to recognize that noise increases waste 
and lowers human efficiency. Looking at the 
list of sponsors, we find firms which have 
contributed generously to the financial support 
of the Acoustical Society in the early years of 
its existence. To the motive of self-interest, 
therefore, it would seem that active aid from 
this Society in the work of the Council should 
be given in recognition of benefits received. 

Assuming that the Acoustical Society is 
willing to take an active part in the anti-noise 
campaign, the question arises as to just what we 
can do. 

In the first place we can, by a vote of the 
Society or by action of the Executive Council, 
go on record as supporting the program of the 
National Noise Abatement Council. A request 
to this effect has been presented to the Council. 
This request calls for authorization of the use 
of the name of the Acoustical Society of America 
jointly with the Noise Abatement Council in 
requests to national, state and city authorities 
for official announcements of Noise Abatement 
Week over the entire country and in promotion 
of publicity by the Council. This would give to 
the work of the Council the prestige of the 
Society’s name and membership. 

Secondly, there could be set up within the 
Society a standing committee on Noise Abate- 
ment. Some suggestions for the job of this 
committee are as follows: 

(a) Tosupply to the Noise Abatement Council 
available technical data that could be used in 
publicity directed to making the general public 
“noise conscious,”’ and in practical measures for 
Noise Abatement. The preparation of a compre- 
hensive bibliography on technical papers and 
reports on industrial noise surveys would be 
extremely helpful. 

(b) To make contacts with those individual 
Society members who are particularly interested 
in noise problems and/or who would be willing 
to assist in the work of local groups working 
under the sponsorship of the Noise Abatement 
Council. 

(c) To serve as a liaison channel between the 
Acoustical Society and the Noise Abatement 
Council. 

(d) To promote the use on the part of Society 
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members of the correspondence stickers put out by 
the Council in promoting Noise Abatement Week. 

(e) To suggest and encourage research and 
investigations directed toward the reduction of 
noise both in the development of sound insulation 
and control and of sound signaling devices as 
effective but less noisy than those now in use, 
Improvements in automobile horns and traffic 
policeman’s whistles in this regard are suggested 
as a fruitful field for research and invention. 
So far as I know, the excellent study of auto- 
mobile horns made at the Bell Laboratories and 
reported in “City Noise’ by Dr. Steinberg, has 
not produced any marked 
automobile horns in general. It should be 
relatively simple to devise an automobile 
warning device that would set up a_ sound 
intensity level of 80 to 85 decibels at a distance 
of 100 feet in the open, with a harmonic spectrum 
concentrated in the frequency range from 500 
to 4000 cycles. Such a device would serve all the 
useful purposes of the present raucous horns 
that now add to the bedlam of city traffic. Is it 
not possible to set up legal specifications for 
automobile horns in the same manner as for 
lights? 

(f) To effect cooperation with police and 
health authorities and with municipal building 
code commissions in the framing of ordinances 
relating to noise and of code requirements for 
sound insulation in apartment houses, office 
buildings and the like. The present-day move- 


improvement in 


' ment for cheap housing in crowded city areas 


urgently calls for competent service on the part 
of someone if cheap construction is not to result 
in homes where ones neighbors’ noise is an 
intolerable nuisance. Are not members of the 
Acoustical Society likely candidates for the 
rendering of this service? 

(g) To serve as a clearing house and an 
information bureau for Society members inter- 
ested in noise problems and who are equipped 
to carry on investigations in this field for 
industrial and manufacturing concerns requiring 
such services. Industry is fast becoming alive to 
the necessity for noise control and it would 
seem that the Acoustical Society is the logical 
medium for making the necessary contacts 
between industry and the technical men who 
can help solve the problems of industrial noise. 
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Such, in general outline, is the part which the 
Acoustical Society can take in promoting the 
program for Noise Abatement. Doubtless other 
lines of activity will be suggested in the discus- 
sion that is to follow this symposium. 

Details of the actual work of the proposed 
Noise Abatement Committee will, of course, 
have to be worked out by the Committee itself 
if, and when, it is appointed. The essential thing, 
at the present moment, is to get a group of 
members who are actively interested and are 
willing and able to put some time and effort 
into the job of making the Society’s contribution 
to noise abatement something more than a paper 
endorsement of the work of others. 

In order to get some idea as to the reaction of 
the membership of the Society to the situation, 
a questionnaire was mailed to all members living 
in the United States and Canada. Some 240 
replies were received, which in view of the fact 
that no return postage was included indicates a 
rather high degree of interest on the part of the 
Society’s membership. 

On the first question, “Do you think the 
Acoustical Society should actively support a 
Nation-Wide Anti-Noise Campaign?” the vote 
was as follows: 

Yes, with 

Yes No reservations 

200 12 28 
The reservations for the most part involved only 
the question as to whether now, in the midst of 
a national emergency, is an appropriate time for 
launching such a campaign. Only a few suggested 
any limitations on the degree to which such 
support should be extended. 

To question 2, ‘‘Could you personally take 
any active part in a movement for less noise in 
your city?” there were 171 replies as follows: 

To a limited 
Yes No Not now extent 
95 31 8 37 

To question 3, 89 members stated that they 
could either secure, or supply sound-level meters 
for making sound-level measurements in their 
respective localities. The wording of the question 
and the nature of the replies were such that it 
is impossible to say just how many meters would 
be available, since two, or more members might 
have their eyes on the same meter, but it seems 
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obvious that there is a fair amount of equipment 
scattered over the country that could be used in 
a nation-wide noise survey, if such a program 
could be put over. 

The replies to question 4 showed 48 members 
of the Society associated with 32 different 
institutions, or business firms which might lend 
support to a movement for noise abatement. 

In answer to question 5, 29 members reported 
research or developments directed to the elimi- 
nation, or reduction of noise as being under way 
in the laboratories with which they are asso- 
ciated. There is duplication here, of course, while 
some answers referred specifically to government 
work under national defense. Question 6 elicited 
the information that 42 members of the Society 
are working in laboratories where more or less 
complete equipment is available for investiga- 
tions directed to the reduction of machine and 
industrial noise. 

A large number of suggestions as to practical 
ways of promoting the cause of less noise were 
submitted by members answering the question- 
naire. In order to save time and to acquaint 
the Society with these suggestions, mimeograph 
copies of a summary of these suggestions have 
been placed in your hands. Further, a consider- 
able number of references to articles dealing 
with the various aspects of noise problems were 
obtained. A bibliography of these references is 
being compiled for use in educational and pro- 
motional work in the noise abatement program. 

Summarized, the results of the questionnaire 
may be stated as follows: 

1. The great majority of the members are in 
favor of active participation in a nation-wide 
noise abatement program on part of the Acous- 
tical Society. 

2. A very considerable number of members 
are willing to render individual aid. 

3. There is potentially available scientific 
equipment and skilled workers for the accumu- 
lation on a nation-wide scale of the technical 
data needed in promoting noise abatement 
program. 

In view of the foregoing, it would seem that 
active cooperation of the Acoustical Society with 
the National Noise Abatement Council offers a 
splendid opportunity for effective, disinterested, 
public service. 
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66 HE Acoustical Society is convinced that 

a nation-wide campaign against the 
noise nuisance will be more effective than iso- 
lated movements in one or two cities. The 
Society stands ready to assist these campaigns 
by furnishing authoritative information and by 
encouraging experiment to gain reliable scientific 
data.” 

What I have just read is an excerpt from a 
letter drafted several years ago by Professor F. 
R. Watson, then Chairman of the Acoustical 
Society’s Noise Committee, consisting besides 
Dr. Watson of E. E. Free, John S. Parkinson, 
P. E. Sabine, G. T. Stanton, and Wallace 
Waterfall. That committee had also drafted copy 
for a proposed pamphlet on noise and their 
report recommended that the pamphlet be pub- 
lished and sent with the proposed letter to public 
officials in American cities. At that time, how- 
ever, the matter was tabled. 

There was no national defense for production 
emergency when your committee drafted that 
pamphlet years ago, but certain statements 
therein made now apply with startling sig- 
nificance. For example, “There is an economic 
advantage in the reduction of noise. Not only 
do employees become more efficient under quiet 
conditions, but smoothly running machines last 
longer than noisy ones.’’ Here is a national 
defense angle promulgated years ago that makes 
consideration of the noise abatement problem 
timely now. 

I should like to call your attention to one 
other quotation from the draft of the pamphlet 
I have referred to. It is this: “City officials and 
civic organizations find that campaigns for the 
reduction of noise arouse the cooperative support 
and goodwill of the citizens. There is a public- 
spirited response which results not only in 
beneficial actions against noise but promotes 
also a commendable interest in other civic 
affairs. It appears to be more advantageous to 
develop favorable public opinion than to pass 
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laws to punish noise offenders. The cultivation 
of public approval is somewhat slow and must 
be persisted in but it produces satisfactory and 
lasting results, with habits of consideration for 
the well-being of others.” 

Many of you have read ‘City Noise,” the 
report of the Commission appointed by Dr. 
Shirley W. Wynne, Commissioner of Health, to 
study noise in New York City and the means 
of abating it, which was published in 1930. 
That report concluded with two specific recom- 
mendations, the first concerning authorization 
by the City Government of a noise squad as a 
part of the Health Department, and second, a 
comprehensive and energetic educational cam- 
paign to arouse public consciousness to the 
evils of noise and advantages of a quieter city. 

Not so well known is the report of the Noise 
Abatement Committee of the City Club of 
Chicago, published in April, 1937. Under the 
sub-head ‘‘What Can Be Done?”’ the Committee 
submitted these conclusions: 


“The experience of other cities points the value of a 
continuous campaign, lasting over a period of years. To 
accomplish its purpose, the battle against noise must be 
accompanied by continuous and intelligent research, and 
an important part of its strategy is the creation of an 
intelligent relationship with the public. The public must 
be kept constantly aware of the cultural and personal 
advantages of a quiet city.” 


The preceding brief review will serve to remind 
us that interest in noise abatement is not new; 
that interest, by the way, has not been confined 
to larger cities. Last spring, for example, the 
health commissioner of San Jose, California, 
published a noise questionnaire in the local 
newspaper similar to that used in New York 
City, and single-handed undertook a noise abate- 
ment campaign. There has been evident need 
for some public-spirited individual or group that 
would devote time, thought and effort to a 
nation-wide campaign against the noise nuisance. 

In the summer of 1940, Mr. J. H. Rand, 
President of Remington Rand, Buffalo, New 
York, addressed a letter to the heads of a number 
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“Ten years ago, the then newly organized Noise Abate- 
ment Commission of the City of New York published, 
under the title ‘City Noise,’ its first official report on the 
metropolitan noise evil. 

“That was in 1930. Already much research and many 
surveys of the problem of noise had been made by such 
eminent authorities as Dr. Shirley W. Wynne, Com- 
missioner of Health of the City of New York, Dr. Llewellyn 
F. Barker, Professor of Medicine at Johns Hopkins Uni- 
versity, Dr. Foster Kennedy, of Bellevue Hospital, New 
York City and others. 

“By 1935, a few cities had taken tentative steps in em- 
bryonic noise abatement programs. The ‘League for Less 
Noise’ was organized in New York City, under the leader- 
ship of Ernest H. Peabody, President of the Peabody 
Engineering Corp., and has since been active locally. But 
no organized effort has ever been made to develop a 
national consciousness of the need for noise control. 

“Your company and my company have this in common 
—a product or products the demand for which would be 
stimulated by a wider recognition of the causes and costs 
of noise—and I believe the time is opportune for gaining 
that recognition now. Working separately to this end, of 
course, the results of our efforts must, of necessity, be 
circumscribed by what we can do as individuals but, 
entered into cooperatively, the effectiveness of each of our 
efforts will reflect and be multiplied by the efforts of the 
other. 

“If you agree with these ideas in principle and if your 
company is interested in making a cooperative effort along 
these lines, I would be happy to designate a qualified 
member of my organization to confer with a similarly 
designated member of yours for a preliminary discussion 
of ways and means.” 


Out of this invitation grew the formation of 
the National Noise Abatement Council. The 
object of the Council is expressed in Article II 
of its by-laws, which reads as follows: 


“The object of the National Noise Abatement Council 
shall be to promote a national consciousness of the need 
for noise abatement and control; to publicize the causes 
and costs of noise and its evil effects on individual health 
and efficiency; to publicize and disseminate information 
to the public concerning the advantages and benefits of 
quiet and ways and means for controlling and abating 
objectionable noise on city streets and in public places, in 
factories, offices, schools and homes. It will not be the 
policy of the National Noise Abatement Council to 
promote the interests of any individual member or group 
of members, but rather the scope of its activity will 
encompass all interests and all phases of the problem of 
noise abatement and control.” 


There are essentially four classes of member- 
ship: Sustaining, which pays dues of $50.00 per 
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month; Associate—open to associations, civic 
groups, etc., no dues; Contributing-—open to any 
individual, corporation, association or other 
organization of a purely local character, dues 
$5.00 per year; and Honorary, no dues. 
The Council has an Advisory Board, con- 

sisting of: 

Dr. PAuL E. SABINE 

Dr. W. P. MorriLy 

Dr. VERN O. KNUDSEN 

Dr. V. L. CHRISLER 

Dr. DonaLp A. LatrRD 

Mr. CHARLES F. NEERGAARD 


The sustaining members include manufac- 
turers of carpets, machinery mufflers, noiseless 
typewriters, silent mechanical refrigerators, auto- 
mobile horns, and acoustical materials. 

Starting in 1940, the Council has initiated and 
promoted the observance of an annual National 
Noise Abatement Week. Each year a general 
chairman is appointed in charge of Noise Abate- 
ment Week, with committees on advertising, 
publicity and local observances. After a modest 
start in 1940, the recognition accorded the 1941 
campaign was so enthusiastic and general that 
Noise Abatement Week appears to be definitely 
established in the national scene. In 1941, for 
example, Noise Abatement Week proclamations 
were issued by the governors of two states and 
the mayors of thirty-four cities. Local com- 
mittees were organized in thirty-five communi- 
ties, including most of the principal cities of the 
United States. Active campaigns supported by 
police, health and school authorities were waged 
in these and an undetermined number of other 
places. Chambers of commerce civic, clubs and 
service organizations, hotel groups, automobile 
clubs and others actively contributed to the 
success of the campaign. 

Newspapers in practically every important 
city of the United States ran news stories, 
feature articles or editorials on the subject of 
noise abatement, which also provided material 
for comment by some of the country’s columnists, 
cartoonists and syndicate writers. Noise Abate- 
ment Week was mentioned on three national radio 
network programs, and in announcements and 
specially arranged talks on many local stations. 

The National Noise Abatement Council has 
published in newspaper form a review of the 
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nation-wide observance of 1941 Noise Abate- 
ment Week, and a supply of these is available 
for any of you who care to have one. Analysis 
of the 1941 observance of National Noise Abate- 
ment Week leads to two outstanding observa- 
tions: first, the speed and enthusiasm with which 
the idea has swept the country; and second, the 
need for a year-around National Noise Abate- 
ment program. Quoting from the New Orleans 
Times-Picayune: “‘Assurance that the Council 
itself is no mere flash in the pandemonium would 
be welcome.” 

To undertake and carry on such a program of 
year-around activity, the National Council has 
learned, through its contacts with many local 
groups, two major problems are faced. 

The first of these is a need for increased funds 
through an enlarged membership. A booklet 
entitled ‘‘Noise—It’s Our Problem” has been 
prepared by the Council and will be distributed 
at this meeting. We cordially invite every 
member of the Acoustical Society in sympathy 
with our purposes and program to become a 
contributing member—annual dues $5.00, and 
to give us aid wherever possible in adding to 
our list of sustaining members—dues $50.00 per 
month. 

As soon as funds permit, the Council proposes 
to employ a full-time paid executive secretary. 
Meanwhile, the burden of administration has 
been generously assumed by the organizations 
of present sustaining members. 

The second major problem which faces the 
Council is one of effectively assisting local noise 
abatement committees in their efforts to do a 
worth-while civic job. In the solution of this 
problem the Council feels that there is an 
opportunity which the Acoustical Society is 


peculiarly adapted to meet. We have discussed 
with Dr. Sabine the idea of having the Society 
prepare a comprehensive long-range program for 
noise abatement activity, which would involve 
the accumulation of authoritative information 
and the charting of a scientific program. It is 
conceived that such a program, prepared and 
approved by the Acoustical Society and spon- 
sored by the National Noise Abatement Council, 
would meet a widespread welcome and ready 
use as a guide for the efforts of local noise abate- 
ment groups. Where the program involves experi- 
ments to gain reliable scientific data, it is hoped 
that through publicity by the Council, the 
means may be found for carrying on such experi- 
mental work. Dr. Sabine’s suggestions will be 
presented elsewhere in this program. 

The National Noise Abatement Council has 
been formed and the burden of its expense up 
to the present time has been assumed by a 
group of manufacturers directly and selfishly 
interested in the abatement of noise. Efforts to 
enlarge its sustaining membership so far have 
been limited by a frequently expressed opinion 
that any beneficial results to the sustaining 
membership must of necessity be indirect and 
are, therefore, problematical. Be that as it may, 
the efforts of the Council have again uncovered 
great national interest in the abatement of un- 
necessary noise and indicate a clear-cut oppor- 
tunity for accomplishing a vast amount of public 
good. The commercial interests that formed the 
N.N.A.C. believe that their selfish ends can only 
be achieved if the movement is carried forward 
in a broad-gauge, scientific manner—and in that 
vital respect we feel that the Acoustical Society 
of America and its individual members can be 
tremendously helpful, if vou will. 
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City Noise* 


SHIRLEY W. Wynne, M.D. 
133 East 58 Street, New York, New York 


(Received October 27, 1941) 


N the last thirty years most of us have seen— 
or rather heard—the greatest increase in noise 
the world has ever known. And most of us have 
felt a sort of pride in it, knowing that it spelled 
increase in industry, in building—in prosperity. 
Back in the first decade of this century, when 
this great development of noise was just begin- 
ning, O. Henry sang praises of the hum of the 
“L” and the clang and clatter of city streets. 

But noise is not a lullaby and never has been. 
It was the chief danger warning for primitive 
people and for people during the ages up to our 
own strident present. The more discordant the 
noise, the more menacing the danger, as a rule! 

Experiments have shown that when we hear a 
loud noise—especially one that is intermittent 
like the screeching of automobile brakes now and 
again throughout the day—our heart action 
becomes irregular, our blood pressure increases, 
our muscles tense for action, our movements 
become more energetic. In brief, we are under- 
going the fear reaction—we are keyed up to fight 
whatever strange new danger these sounds may 
betoken, just as the cave-dweller was keyed up to 
fight when he heard the roar of wild beasts or just 
as the lone homesteader was steeled to heroic 
action by the war cry of attacking Indians. This 
fear is a sort of emergency measure enabling the 
body to put forth extra effort in a crisis—extra 
effort at a cost! 

So deep-seated is this reaction to noise—even 
new-born babies have it upon being exposed to 
loud noise—so deep-seated, scientists tell us that 
we never do completely overcome it. True, as we 
grow older, we can discipline ourselves to a cer- 
tain extent and we do. But the fact remains that 
our unconscious reaction to noise continues in 
spite of our conscious indifference to it. 

Twenty years ago Muensterberg found a 
woman working in a printing shop where she was 
exposed to the constant noise of trucking in a 
passageway. It is likely that she was barely 








* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 


conscious of the daily noise, but upon being 
removed to a spot less exposed to such noise, her 
work was increased twenty-five 
quantity. 

In a European factory, experienced workers 
made 60 mistakes in assembling 80 temperature 
regulators. They were working next to a boiler 
shop with its proverbial din. When they were 
removed to a quiet place they assembled 110 
temperature regulators in the same length of 
time as they had formerly taken to assemble 80 
and they only made seven mistakes. 

In recent experiments with office workers, a 50 
percent reduction in noise brought a five percent 
increase in the production of typists—the best 
typists responding most favorably to decreased 
noise. 


percent in 


Teachers and principals of schools are con- 
stantly complaining of the delay noise causes in 
their daily program—a delay which mounts high 
in the sum of the year’s work. In fact, I hope to 
see this phase of the subject studied thoroughly 
so we may give the school children of our city the 
benefit of adequate noise abatement. I should not 
be surprised to find that a certain habitual lack of 
attention, a certain jerkiness of thinking comes 
from studying and reciting in an atmosphere of 
noise. This condition certainly is not aided when 
children come home and are forced to do their 
home study in the midst of the confusion and din 
that prevails in many households. 

Dr. Foster Kennedy conducted a series of 
experiments to determine whether or not noise 
had a deleterious effect upon the human organism. 
A group of patients on his service at Bellevue 
Hospital volunteered to help in this study. The 
skulls of these patients had been trefined for the 
removal of brain tumors or for other surgical 
procedures. By attaching an ingenious little 
drum-like device in this open place in the skull, 
Dr. Kennedy was able to measure the pressure 
within the skulls of these persons. When a sudden 
loud noise was made unexpectedly within their 
hearing, their brain 
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percent. Another test made on other patients 
showed that a sudden noise increased the blood 
pressure and also caused the heart to beat more 
rapidly and to become irregular. 

Wecan readily understand the disastrous effect 
that sudden noise would have upon persons 
suffering from heart disease and from high blood 
pressure. It is the opinion of many physicians 
that the sudden death of men past 50 years of age 
has been precipitated by noise. 

The actual effect of noise on output and energy 
consumption of typists was measured by Donald 
A. Laird in the Colgate Laboratory from Sep- 
tember, 1926, until March, 1927. Previous work 
by John J. B. Morgan, in the laboratories of 
Columbia University, had indicated that more 
effort was expended in simple typing under noise 
distractions than under quiet conditions. 

Professor Henry J. Spooner, member of the 
International Fatigue Committee of the Ameri- 
can Society of Industrial Engineers, and Pioneers 
of the Noise Abatement Movement, had this to 
say in Cassier’s Engineering Monthly: 

“Little appears to have been done by investi- 
gators in this particular branch of fatigue work, 
but it is safe to suggest that any efforts made in 
industrial works (indeed, in any place where 
work is done) to reduce the amount of noise and 
to make the atmosphere in which workers toil as 
restful as possible, would lead to increased pro- 
duction, and an improvement in the general 
conditions of the workers, particularly in their 
nervous systems. Some engineers know by experi- 
ence and introspection how much we are affected 
by noise, and how a period spent in the midst of 
working machines and mechanical operations 
causing strident and deafening sounds of a wide 
range, and shocks to the auditory nerves, pro- 
duces a feeling of sensory fatigue, and that 
although this fatigue affects primarily a single 
organ, it little by little extends to the whole of 
the nervous system; leading in some cases to such 
a feeling of weariness that it may impair the 
capacity for work in a greater degree than severe 
muscular fatigue. Further, deafening sounds, 
such as those of a boiler shop, affect the acuteness 
of hearing; indeed, may cause deafness itself, or a 
perforation of the membrana tympani.” 

Sir Robert Armstrong-Jones, C.B.E., M.D., 


D.Sc., etc., said: ““The ordinary worker, if he is to 
support himself and his family and to carry on, 
has a pre-arranged and proper setting for his 
period of rest, and his life is of necessity one of 
routine. He goes to bed tired and exhausted, but 
he is repeatedly roused, and his sleep disturbed 
by loud and most distressing noises. He rises in 
the morning shaky, confused, and unrefreshed 
after his so-called ‘night’s rest.’ His health 
suffers, his work deteriorates and he eventually 
joins the highly sensitive neurasthenic, who 
jumps even when the clock strikes, and he may in 
consequence of loss of sleep end his life in the 
asylum; or he may try to get sleep from drugs and 
so become an ‘addict’ to sedatives or to drink. In 
many cases unless he can secure natural sleep his 
health is ruined. Men and women are not the only 
sufferers. The general health of children becomes 
affected from loss of sleep. Their development is 
impeded and their growth is retarded from this 
cause which is preventable. As a consequence 
they become mentally inattentive, they show 
restlessness and the question of the lack of 
proper sleep for children has been specially 
referred to this year in the Report of the Medical 
Officer to the L.C.C.” 

Dr. Thomas Beaton, O.B.E. (Medical Superin- 
tendent of Portsmouth Hospital), said: ‘‘At least 
one percent of the population is rendered 
ineffective by reason of nervous or mental dis- 
turbances, and this may serve to estimate the 
necessity for reducing one of the more important 
causes for such disabilities, namely, noise.” 

You will ask, ‘If noise has a harmful effect 
upon the human organism, decreases efficiency, 
and costs many millions of dollars a year, why is 
not unnecessary noise prohibited by law?” 

The answer is that the public has come to look 
upon noise as a sign of prosperity, and like the 
youngster with a new drum, glories in the noise 
that can be made. Under such conditions it is 
impossible to secure public approval and public 
support of the strict enforcement of any anti- 
noise ordinance. The unnecessary blowing of 
automobile horns is prohibited in the city, but no 
city agency has had the courage to enforce it. Is 
there anything more stupid than an autoist 
blowing his horn at a street or avenue intersection 
because of the change in traffic lights? 
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Is it that the nerves of our people are so over- 
wrought that they cannot be patient for even a 
moment? Or as someone said, are they jazz- 
minded so that they enjoy the noise which they 
themselves make? At any rate, until the public 
comes to realize that noise is harmful, and is 
ready and willing to uphold its officers in 
enforcing an anti-noise ordinance, the unthinking 


W. WYNNE 


person will continue to make ungodly noises 
which are harmful to our well-being. 

If noise is harmful and lessens working eff- 
ciency, and the preponderance of evidence indi. 
cates that it is, it is our job to bring the public to 
the realization of these facts, and to secure its 
willing cooperation so that the laws prohibiting 
unnecessary noise may be effectively enforced. 
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What Can the Hospital Do About Noise?* 


y, 


CHARLES F. NEERGAARD 
41 East Forty-Second Street, New York, New York 
(Received October 15, 1941) 


T was about 25 years ago that someone made 
I the discovery that noise in and about the 
hospital was no help to the patient and that 
something ought to be done about it. If we had 
set out deliberately to design the noisiest possible 
building we could not improve much on the 
modern fireproof hospital. The monolithic frame 
and all the innumerable ducts and pipes are 
highly effective transmitters: The hard walls, 
floors and ceilings make perfect sounding boards 
and in the room where the patient lies, with few 
if any curtains, cushions or carpets, there is little 
to blot up the sound waves. 

Acoustics has become an exact science. In 
scores of research laboratories the nature of 
sound and better methods of controlling it are 
being determined. Yet in the hospital, which 
above all should be a place of tranquillity, we 
have too often the incongruous situation that the 
surgeon’s order of perfect quiet for his critically 
ill patient is the one prescription which the 
hospital cannot fill. 

What it means to the patient, in addition to his 
physical suffering, to have to endure the mental 
and nervous strain of the many and various 
irritating and tormenting noises, only the patient 
can tell. I had an experience a dozen years ago as 
a patient for 14 weeks in an old hospital, built 
before the discovery of the decibel. There was 
little to do but listen, so I made a list of the many 
sounds, occasional and constant, that disturbed 
me and determined that in any hospital with 
which I was connected in the future I would see 
that all avoidable noises were studied out in the 
blueprint stage. 

Much has been accomplished since then. With 
our present-day knowledge, proper planning and 
use of acoustical treatment most of the inside 
noises can be controlled or minimized and those 
coming in the windows muffled to an unob- 
jectionable level. In my own practice I have 
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formulated certain minimum standards,—acous- 
tical material of 70 percent absorption in corri- 
dors, nurses’ stations, visitors’ rooms, quiet 
rooms and nurseries, and all service units where 
noise originates. Particularly important is the 
entrance lobby and adjoining waiting and 
admitting rooms, so that whoever enters senses a 
hushed and quiet atmosphere. In one or two 
hospitals I have been able to use, in all patients’ 
rooms, a relatively inexpensive material with 
about 45 percent absorption, with results well 
worth the cost. In the selection of materials 
hospital maintenance should be taken into con- 
sideration. Any material which cannot be washed 
and painted with lead and oil paint should be 
taboo as cleaners and painters are no respecters of 
specifications that ceilings should be only vacuum 
cleaned or sprayed with acoustical paint. There 
is too much hazard in anything which requires 
unusual treatment. 

Special hospital hardware has long since 
silenced the troublesome patient’s room door. 
Sturdy friction hinges hold it in any desired 
position for ventilation and prevent slamming: 
soft rubber bumpers set in the jamb and a soft 
rubber roller latch stop chattering and allow the 
door to be closed with scarcely a sound. If it is 
hung so that it screens the bed there is no need 
for the half door, so commonly used, which saves 
some $30 at each opening. Contrary to usual 
hospital specialties, this hardware costs about 
$4.00 a door less than the conventional ball- 
bearing hinges, overhead door check, floor stop 
and metal latch and lock. 

A noiseless mercury switch is used for lighting, 
in place of the loud clicking switch, and when 
applied to the nurses signal system insures its 
quiet operation and reduces the cost by about 
half, as compared to the old type of equipment. 

The utility room, ever a source of disturbance, 
has been silenced effectively. Not a clang is left. 
Bedpan and utensil racks are anode rubber 
plated; the waste can has rubber bumpers on its 
bottom and cover and its handles wound with 
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surgeons tape. Linoleum or rubber counter tops 
replace marble. Most significant of all, the 
embarrassing publicity of the toilet is a thing of 
the past. Quiet flush valves and swirling toilet 
bowls have practically eliminated its gurgle and 
roar. ‘‘Domes of Silence’ on furniture legs stop 
their scraping across the floor. 

Modern central food service, with all trays 
prepared in the main kitchen and delivered to the 
patients’ rooms on enclosed rubber-tired trucks, 
later to be returned to a central dishwashing 
room for cleaning, removes the diet kitchen from 
the patients’ floor; with it go the rattle of dishes, 
clink of silver—not to mention the chatter of the 
nurses,—inevitable when trays are set up on each 
floor. 

The ideal floor covering is yet to be found. 
Tile and terrazzo are easy to clean but hard to 
walk on and noisy. Linoleum and asphalt tile 
leave much to be desired in both noise and wear. 
There is a cushion-backed rubber flooring which 
I have been using in corridors which has proved 
most effective. It is quiet and soft underfoot, but 
too expensive for the whole building. 

Floors and partitions are, for me at least, an 
unsettled problem. Sound insulation is expensive 
and the results are not always predictable. A 
recent publication outlines a series of measure- 
ments made by a testing laboratory of different 
types of sound proof partitions erected in an 
apartment house. I was chagrined to find that the 
sound transmission loss on a partition which I 
have been recommending on the strength of a 
laboratory rating of 51 db showed but 38 db 
when actually in place in the structure. 

If a layman may venture to suggest it seems to 
me that the practical application of laboratory 
findings should be given more general study and 
various interrelated noise problems in a building 
considered as a whole, with due emphasis on the 
cost feature. For example, how can we most 
economically design an acceptably quiet patient's 
room? What effect has sound absorption on sound 
transmission? Will the use of acoustical material 
on the ceiling obviate or reduce the need for 
insulated floors and partitions, and to what 
extent? An authoritative, unprejudiced source of 
information to which hospitals might turn for 

advice on what ought to be done, how to do it 
and what it will cost would be of great service. 





CHARLES F. 


NEERGAARD 


In the mechanical plant the proper location of 
boiler room, laundry, kitchen and workshops are 
basic to a satisfactory plan. When oil is used for 
fuel the problem of the banging ashcan vanishes. 
The choice of circulating hot water heat elimi- 
nates the rattle and thump so common in the 
cooling and reheating of steam radiators. Specifi- 
cations for all machinery should call for quiet 
insulated and flexible con- 
nections on all pumps, fans, etc., to check 
the transmission of vibrations throughout the 
building. 

The portable radio’s increasing use is another 
argument for acoustical treatment in every room, 
Air conditioning, particularly in the south, is 
becoming a “‘must’’ for hospitals and its ducts 
will do their bit as sound carriers. 

How much must be spent for an acceptably 
quiet building is a difficult question to answer. 
The cost of the modern hospital has become so 
staggering that rarely has a building committee 
sufficient funds to get everything in. When the 
inevitable pruning begins, the theory that 
quieted floors and partitions are worth thousands 
of dollars extra is often rudely brushed aside. The 
high cost of acoustical treatment frequently 
jeopardizes its adoption. If manufacturers would 
only establish a special 50 percent hospital 
discount they might measure their sales volume 
in acres instead of square feet and earn the 
eternal gratitude of thousands of patients. 

To give you a specific example, take a 70-bed 
hospital now under construction where my 
minimum standards for noise abatement were 
adopted. The quiet which, as I have previously 
described, has been standardized in a great deal of 
equipment was bought at no extra cost. The 
major item, acoustical treatment, was contracted 
for at $4140, or about $60 a bed. An alternate 
figure of $2200 additional provided for the 
acoustical treatment of every patient’s room and 
ward,—100 percent coverage at $90 a bed. This 
hospital is costing around $6000 a bed so that the 
investment for minimum standards of quiet 
represents but 1 percent and for a complete job, 
14 percent. What will this $90 a bed mean in 
terms of the hundreds of patients who will 
occupy it over the years? On the average, each 
bed accommodates 30 patients a year, so that if 
$3.00 was added to each bill the entire capital 
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cost for permanent quiet in the hospital would be 
amortized in the first year. 

We know how to make the hospital quiet but 
it is surprising how many new institutions neglect 
it and how many noisy old ones are doing nothing 
about it,—in spite of the relatively little trouble 
and expense involved in converting their corri- 
dors from ‘“‘megaphones to mufflers.”” Only a few 
months ago I visited a new hospital which had 
cost $650,000. It was an architectural gem but an 
acoustical crime. Not a single precaution had 
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been taken to insure quiet and the superintendent 
told me that his patients had already made his 
life a burden with their complaints. 

I have long had the reputation of being a crank 
about noise, and deservedly so. Although not a 
sadist I have often wished that everyone re- 
sponsible for building a new hospital might have 
to spend some weeks in a hospital bed, with 
plenty of time to listen. Then they would agree 
with me that you can leave off the roof, or leave 
out the cellar, but never leave out the quiet! 


a TE 


Se eee St ase 





JANUARY, 


1942 a es 


VOLUME 43 


Industrial Noises and Industrial Deafness* 


WALTER A. ROSENBLITHT 
University of California at Los Angeles, Los Angeles, California 


(Received August 30, 1941) 


Measurements on the intensity and the frequency distribution of industrial noises and the 


hearing losses of industrial workers show: (a) some degree of correlation between the average 


noise level and the temporary and permanent hearing losses; (b) an almost complete local- 


ization of the permanent hearing loss in the region above 1500 cycles (with a maximum at 


6000 cycles), while the most important components of industrial noises are practically always 


below this frequency-limit; (c) some correlation between the amount of temporary and perma- 


nent hearing losses for high frequencies; (d) a very small permanent hearing loss for low 


frequencies with a very rapid recuperation from temporary loss in this region. 


URING the last two decades a number of 
surveys have been conducted in order to 
determine the incidence of impaired hearing 
among industrial workers. However, 
audiometric data are relatively meager. 
In 1938, a survey was undertaken in France 
by the author with the purpose of studying the 
various effects of industrial noises.! Temporary 
and permanent hearing losses were to be meas- 
ured and to be related to the intensity and the 
frequency distribution of the noise to which the 
subject whose hearing acuity was being tested 
was exposed. The equipment used? followed 
closely the requirements of the American 
Standards Association. In several factories noise 
levels were measured, noises were analyzed as to 
their frequency distribution, and several hundred 
audiograms taken. At the same time, and with 
the help of the medical service of those factories, 
various physiological and psychotechnological 
data were also collected. 

The general conclusions from the noise and 
audiometric measurements taken at the great 
Rouen railroad repair plant will be reported in 
this paper.’ 


* Read by Dr. V. O. Knudsen at the Twenty-Fifth 
Meeting of the Acoustical Society of America, Rochester, 
New York, May 5-7, 1941. 

+ Walter Loewy Graduate Scholar in Physics. 

1 The experimental data for this research were collected 
at the instigation of Dr. André Salmont, professor at the 
Conservatoire National des Arts et Métiers (Paris), and 
with the cooperation of the French state-owned railroad 
company. Professor Salmont was mainly interested in 
the problems on industrial deafness as an occupational 
disease on the one hand and high accident rate and 
reduced efficiency in noisy shops on the other. 

2? Built by the Laboratoire Electro-Acoustique at 
Neuilly (Seine). 

’This plant was chosen because of the variety of 
industrial noises which was found there and also because 
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The noise levels given are estimated mean 
values based on ‘‘averaging”’ the deflection of the 
pointer of the sound level meter. The recorded 
peak values are, as is usual in the case of im- 
pulsive sounds, somewhat low. In order to give 
a more uniform character to the noises which 
were to be analyzed, techniques were used such 
as having six to eight men hammer the seams 
of the same boiler. With these precautions, it 
was possible to duplicate the results fairly 
closely and even to show how the use of sound 
and vibration absorbing devices caused a shift 
of the components of greatest energy towards 
lower frequencies. 

Table I shows values for the intensity level of 
typical noises in the boiler shop. Since there were 
actually four men riveting and six men hammer- 
ing the seams, a relatively steady noise was 
produced with a variation of approximately +1 
db. Even at a distance of 15 m the intensity was 
greater than 90 db, a fact which is of interest in 
view of the minimum and maximum intensities 


TABLE I. Typical noises in a boiler repair shop. 


(a) Riveting 


Microphone inside the boiler 118 db 

Microphone in the fire box - 114 db 

Microphone at a distance of 5 m from the boiler 97 db 

Microphone at a distance of 15 m from the boiler 93 db 
(b) Hammering of boiler seams 

Microphone inside the boiler 119.5 db 

Microphone in the fire-box 116 db 
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most of the personnel had been in the same industry and 
very often even in the same noisy environment for many 
years, so that their hearing characteristics may be con- 
sidered as being quite representative of the profession. 
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; Fic. 1. Comparison between ‘‘normal” and industrial hearing loss. y—permanent 
_ shift hearing loss among boilermakers after more than 15 years of employment; X—average 
hearing loss in 40-49 age-group (World's Fair); O—average hearing loss in 50-59 age- 








wards group (World’s Fair). 
vel of for various shops, given in Table II. The sug- panied by considerable vibrations throughout 
Airis gested ‘weighted average’’ serves only to give a__ the entire hall. The shop designated here under 
mse quantitative indication as to the noise level to the name of ‘“Trommels”’ represents a half-open 
. which the majority of the men are exposed most hangar where the boiler pipes were cleaned in 
y +1 of the time. large rotating drums filled with sand. This noise 
ieee This table shows that in the fitting shop the is by far the most nerve-wrecking one en- 
oat & average noise level was not very much different countered—even at a distance of 50 m in the 
sities from the lowest background-level, since the open air, the noise level is approximately 75 db! 
maximum values are relatively much less fre- —and it is therefore not surprising that most 
er quently observed than in the boiler repair shop. employees were unable to work there for long. 
In the forge room the loudest noise is caused by These few data (among the many hundreds 
8 db the dull impact. of the drop hammer accom- collected) should suffice to give an idea of the 
4 db conditions to which a great number of industrial 
= TABLE II. Intensity level of industrial noises. workers are exposed. It might be pointed out 
——= = ee = that while it would be relatively easy to reduce 
— | _Minimum | Suggested Frequently the noise level in such a room as the fitting shop 
6 db Shop Noise Average” Maxima (where most of the steady noise is caused by loose 
sail Fitting shop 72 db 75db 99-104 dh_—C~Parts of machinery), it would certainly be much 
Forge 75 db 80 db 108 db more difficult to reduce the noises in other shops 
ry and ee shop ao 20 a 120 db* where sometimes new technological processes 
many s 5 db 100 db 120 db 4 
e con- — oa would have to replace the ones in use. 


yn. 


* Occasionally 130 db (shaping of boiler plate). 


Figures 1 to 3 show the permanent hearing 
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Fic. 2. Hearing loss among boilermakers. *—after 15—20 years of employment; O—after 
20-25 years of employment. 


losses of various categories of workers.‘ Figure 1 
compares the hearing loss for boilermakers 
having more than 15 years of employment 
(average age about 45 years) with the “‘normal”’ 
hearing loss for the 40-49 and 50-59 years age- 
groups as shown by the World’s Fair results 
obtained by the Bell Telephone Laboratories. 
Even if we consider the limitations of the equip- 
ment used for the World’s Fair tests, including 
the masking effect of background noise, the 
World’s Fair results show too small a loss for the 
frequencies of 3520 and 7040 cycles to account 
for the large difference between the curve for 
boilermakers and the one for the 50-59 years 
age-groups: e.g., about 22 db at 1750 cycles, 
24 db at 3500 and almost as much as 40 db in 
the 7000-cycle region. Below 1200 cycles there 
appears, in first approximation at least, a rather 


4 The given values represent the hearing loss in db with 
respect to the MAP threshold. Only a limited number 
of points are given, though actually more observations 
were made in each individual case, especially in regions 
of maximum hearing loss or sudden inflections of the curve. 


uniform difference of 7 to 8 db in favor of the 
boilermakers. Figure 2 shows, however, that the 
previous curve does not yet represent the ulti- 
mate hearing loss, for even after fifteen to twenty 
years of employment there is still a progressive 
increase in the hearing loss. 

Figure 3 compares the hearing loss between 
various categories of personnel. It is immmedi- 
ately seen that there is some proportionality 
between what was called the ‘average noise 
level” (75, 80 and 90 db) and the permanent 
hearing loss. It might be pointed out that while 
there is a difference of 7.5 db only for 3500 cycles 
between the curve for machinists and_ the 
“normal”’ curve for the corresponding age-group, 
this difference increases to more than 25 db in 
the 7000-cycle region. It is probable that the 
machinists had been exposed to louder noises in 
former years as most of the equipment had been 
replaced shortly before the survey was made. 

Figure 4 finally gives an indication as to the 
relationship between the temporary and _ the 
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Fic. 3. Hearing loss among various categories of personnel after 15 years of employment. 
X—boilermakers; @e—black- and ironsmiths; []—machinists. 


permanent hearing losses on the one hand and 
the relationship between the noise level and the 
temporary hearing loss on the other. When the 
hearing acuity of the personnel was tested in the 
morning, before they started to work, and then 
again in the evening (after two four-hour periods 
of work interrupted by two hours for lunch) it 
was almost always possible to show an increase 
in the hearing loss during the day. Thus, of all 
records on this part of the study, (for all fre- 
quencies) 75 percent showed a greater hearing 
loss in the evening, 19 percent were the same 
morning and evening, and only about 6 percent 
were lower in the evening than they had been 
in the morning. 

Averaging over the eleven frequencies from 
300 to 10,000 cycles, it is found that the average 
increase in the hearing loss during the day 
amounts to approximately 5 db for both boiler- 
makers and those who work at the trommels, 
3.5 db for black- and iron-smiths and about 2.2 
db for machinists (this latter value is probably 


somewhat high because of the choice of the 
subjects whose hearing was tested). 

Among other results obtained, which cannot 
be reported here in detail, the following seem 
worthy of mention. A definite improvement was 
found—as much as 8 db for certain frequencies— 
even in the case of boilermakers of 50 years of 
age who had been compelled to lay off for a 
period of several weeks because of accidents. 
The ‘‘permanent”’ hearing curve of a young man 
who had been working for several months at the 
trommels, and had then been transferred to 
office work, showed a marked improvement, and 
there was no further tendency toward any sig- 
nificant temporary hearing loss during the day. 

While no definite trend in the hearing loss 
could be detected at the end of the week as 
compared to the loss at the beginning of the 
week, it was possible to show an increase in 
fatigue for workers who had been working for 
eight hours without interruption (as compared 
to others who had stayed in the same noisy 
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Fic. 4. Temporary hearing loss. Black area corresponding to hearing loss of machinists 
in the fitting shop (75 db); dotted area corresponding to hearing loss of personnel in a 


shop where average noise-level is 100 db. 


environment for two four-hour periods separated 
by a rest period of two hours). 

The following observation made in a certain 
number of cases might also be reported here: The 
high frequency hearing losses differed rather 
markedly for the two ears, apparently depending 
upon their proximity to a source of loud noise 
(pneumatic drill, for example). It was found, for 
example, in the case of a man who had been 
working for thirty-five years at the same shaping 
machine (a “Cincinnati,” model 1900) with one 
of his ears close to a source of 90-100 db, that 
the high frequency loss for this ear was about 
20 db greater than for the ear turned away. 

Finally the hearing loss was measured for a 
series of “outsiders” before and after a stay of 
several hours in one of the noisy shops. In all 
cases a temporary hearing loss was found which, 
especially for the high frequencies, was much 
greater than that for personnel working in the 
same shop. The recovery period after such an 
experience depended largely on the time spent 





in the noisy environment, and the induced 
hearing loss, which is somewhat proportional to 
this time. After having remained for two and a 
half hours in the boiler repair shop (average 
intensity about 100 db), the writer experienced a 
loss varying between 8-12 db at 1000 cycles and 
20-24 db at 6000 cycles. The hearing became 
normal again after two to three days. 

These latter observations, according to which 
the temporary hearing loss is greater for normal 
ears than for partially deaf ears, are also borne 
out by recent findings of G. de Maré.’ 

The most important characteristic of the per- 
manent hearing loss—outside of its absolute 
magnitude—lies in its localization in the fre- 
quencies above 1500 cycles (the ear seems cap- 
able of recuperating more rapidly and more 
efficiently for frequencies below this limit). But 
from the results of noise analyses made by the 
writer and by other workers, such as those by 


5G. de Maré, Acta Oto-Laryng. Supplement 31 (1939). 
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Perwitzschky and Lanig,® it follows that the 
maximum in the distribution of the acoustic 
energy of industrial noises lies practically always 
below 1500 cycles and sometimes even below 
1000 cycles. 

Recent observations by Littler,’? and by Camp- 
bell and Hargreaves,* on deafness among avi- 
ators, also show the maximum hearing loss to 
occur at frequencies where, according to the 
analysis of the airplane motor noise, the sound 
energy is relatively insignificant. 

Thus, all these workers agree in substance 
among themselves and also with the findings of 
the present investigation. However, in crass 
contradiction to these conclusions is the work 
reported by Scheiwechmann,’ who states that 
there is a very definite correlation between the 
localization of the hearing loss and the frequency 
distribution of the environmental noise. Unfor- 
tunately, Scheiwechmann does not give enough 
details concerning his noise analyses to permit a 
critical evaluation of his audiometric data. 

It was found that in the case of almost all the 
subjects tested, the maximum hearing loss 
occurred around 6000 cycles. At the start of this 
survey, it was not (in view of the literature con- 
cerning the 4000 cycle-dip) especially intended to 
test the frequencies around 6000 cycles. How- 
ever, there was soon sufficient evidence that 
many subjects, especially older men, were unable 
to hear anything between 5700 and 6300 cycles 
even for an audiometer intensity of 96 db. (The 
upper intensity limit of the audiometer, 96 db, 
explains in part at least the crowding of the 

6 R. Perwitzschky and Lanig, Zeits. f. Hals, Nasen- und 
Ohrenkr. 41, 178 (1936-37). 

7E. D. Dalziel Dickson, A. W. P. Ewing, and T. S. 
Littler, J. of Laryng. Otol. 54, 531 (1939). 


§P. A. Campbell and J. Hargreaves, Arch. Oto-Laryng. 
32, 417 (1940). 

*B. E. Scheiwechmann, ‘‘The influence of the frequency 
of sound waves upon the hearing acuity of workers in noisy 


shops,” Bull. Biol. et Med. Exper. U. R. S. S. 8, 185-188 
(1939). 
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points for various categories of personnel in this 
region.) It is noteworthy, however, that Bunch,” 
Larsen,'! and Arnold," show a certain number of 
audiograms with a maximum hearing loss around 
6000 cycles. 

Another fact worthy of mention is the sur- 
prisingly small hearing loss for frequencies below 
1000 cycles, even smaller than the “normal” 
values obtained at the World’s Fair. These two 
important features which characterize industrial 
deafness—considerable high frequency loss and 
surprisingly small low frequency loss—seem to 
suggest at least a partial explanation for the 
differences in hearing loss for men and women 
observed at the World’s Fair (at 3520 cycles the 
loss was 12 db greater in the case of men, while 
there was a reversal of this tendency for the low 
frequencies). 

It is rather difficult to make any definite 
statements concerning the minimum noise level 
that would be harmful. It appears that as little 
as 75 or 80 db, if sufficiently prolonged, suffice to 
bring about a premature aging of the ear. 

It is felt that further experiments—some of 
which are now under way at the University of 
California at Los Angeles—where the frequency, 
intensity, and duration of the noise can be con- 
trolled, will yield interesting results pertaining 
to an explanation of the reason for the high fre- 
quency loss, and possibly contribute to the 
general theory of hearing. It also would be im- 
portant, from the viewpoint of preventing the 
deafening effects of industrial noise, to make a 
special study of the protection furnished by the 
wearing of ear defenders. 

The author is indebted to Dr. V. O. Knudsen 
and to Dr. N. A. Watson for helpful criticism in 
the preparation of this manuscript. 


10C, C. Bunch, Arch. Oto-Laryng. 9, 625 (1929). 

1B. Larsen, Acta Oto-Laryng. Suppl. 36 (1939). 

2G. E. Arnold, Monatssch. f. Ohrenheilk. 73, 606 and 
673 (1939). 
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The Velocity of Sound in Air 


H. C. Harpy,* D. TELFAIR,t| AND W. H. PIELEMEIER 
Department of Physics, The Pennsylvania State College, State College, Pennsylvania 
(Received November 22, 1941) 


A rigorous equation is set up for the velocity of sound in gases. This is used to calculate the 
velocity of sound in dry air at standard conditions from data taken in independent measure- 
ments. The result of this calculation is 331.45+0.05 meters sec.~'. An extensive survey of 
previous reported measurements has been made. After proper corrections are taken into 
account, the weighted mean is 331.46+0.05 meters sec.~!. The results of very precise inter- 
ferometer measurements by the authors give 331.44+0.05 meters sec.~. 


FUNDAMENTAL THEORY 
ECENT improvements in the technique of 
measuring the velocity of sound in gases has 
made it possible for observers to publish results 
reliable to five significant figures. It is unfortu- 
nate that many of these measurements have been 
marred by improper recognition of the factors 
that must be controlled in order to obtain this 
precision and also by improper correction for 
these factors. The standard approximate equa- 
tions are inadequate for use with the best 
measurements. Several investigators have set up 
expressions which are more exact. Some of these 
are not so useful. In order to obtain an exact and 
useful expression we make use of well-known 
thermodynamic relations. 
The solution of the differential equation for the 
propagation of sound in a gas gives for the 
velocity the relation first stated by Laplace, 


Es\} C, Er\} 
(2-8). 
p Cy p 


where p is the density, E, and Er, respectively, 
the adiabatic and isothermal elasticities and 
C,/Cy the ratio of the specific heats of the gas. It 
should be emphasized that this expression is exact, 
providing the amplitude of the sound is not too 
great, a condition fulfilled in most measurements. 

Substituting the thermodynamic expressions 
for Er and C,/Cy, that is, 


Er=—V(ap/aV)r, (2) 


dl T /0p \* aV 
ealm@ae © 
Cy Cy\aT/ y op T 


* Now at the University of New Hampshire, Durham, 
New Hampshire. 

t Now with the Research Laboratories, 
Chemical Company, Springfield, Massachusetts. 
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one obtains 
RTT gR WW? 
(ZleZY 
M hCy” 
f=—(V?/RT)(0p/0V)r, 


V apy? 
(UY, 
Rosy - (5) 


Cy T V *p 
h=——=1+- -f ( ) dv. 
Cy” Cy? 4. \OT*7 y . 


In these expressions Cy” is the specific heat for 
constant volume as the volume approaches 
infinity ; ./, the molecular weight of the gas, has 
been substituted for pV; and R, the gas constant, 
has been introduced in order to bring the equa- 
tion into a useful form. The quantities—f, g, 
and h—are dimensionless constants which differ 
slightly from unity and are determined by the 
imperfection of the gas. In particular, when we 
have the equation of state for the gas in the virial 
form, 


where 








pV=RT+B8/V+y7/V?+6/V3---, (6) 








then 
28 3y 46 P 
f=1+ meal nesesclpinecmasnins 5%, (7) 
RTV RTV? RTV* 
1 op 1 dy 1 06 ay . 
=| 1+ — elle ane a, (8) 
RV 0T RV?0T RV*0T 
T fo, 1 oy 1 0°76 
p=t-—_] 4 + vf (9) 
VCy*LoT? 2V oT? 3V oT? 


The derivatives indicated in (8) and (9) are 
easily obtained since 8, y, and 6 are functions of 
the temperature alone. 
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Equation (4) is a useful and exact expression 
for the velocity of sound in a gas. It can be used 
in many ways. Some of these are: 

1. By accurate use of this equation probably 
the most accurate determinations of the specific 
heat may be made. By varying the pressure and 
extrapolating to infinite dilution, the specific heat 
can be measured without using the equation of 
state.'* 

2. By a study of the variation of the velocity 
at different temperatures and pressures, a fair 
equation of state can be obtained for the gas.'** 

3. If the molecular weight, the specific heat, 
and the equation of state are known, the velocity 
of sound under any conditions can be calculated. 

4. This equation can be used to correct 
measurements of the velocity of sound to stand- 
ard conditions. 


CALCULATION OF THE VELOCITY OF SOUND 
IN AIR 


There has been a great deal of discrepancy in 
the reported values of the velocity of sound in 
dry air at standard conditions. It is possible with 
Eq. (4) to calculate the value of this important 
constant from data taken in independent experi- 
ments. This has been done using the Beattie- 
Bridgeman equation of state, the most reliable 
spectroscopic data to obtain the specific heat, and 
the best determinations of the density of air. 

In order to obtain the f, g, and h functions, a 
reliable equation of state is necessary. The 
critical-constant form of the van der Waals and 
the Berthelot equations are only qualitatively 
reliable. Probably the most suitable for which 
data are known for air is the Beattie-Bridgeman 
equation,°® 


RT(1—d/VT®) b 
oe ae -[v+B(1- “) | 


Ao a 
-=(1-=), (10) 
V? V 


'D. Telfair, Phys. Rev. 59, 934 (1941). 
assne Hubbard and A. H. Hodge, J. Chem. Phys. 5, 978 
3 van Lammeren, Physica 2, 833 (1935). 
“931, Itterbeek and Keesom, Leiden Comm. No. 209c 
(19351). 
* Beattie and Bridgeman, J. Am. Chem. Soc. 50, 3133 
(1928); Proc. Am. Acad. Arts and Sci. 63, 229 (1928). 














in which the constants a, b, d, Ao, Bo, have been 
evaluated by least square methods from 171 
points taken from the work of many investi- 
gators.*-® The values for these constants for air 
using the older values of R= 0.08206 liter atmos. 
degree and 7)=273.13°K are: a=0.01931, 
b=—0.01101, d=4.34X10', Ao=1.3012, By 
= (0.04611. 

It is easy to express (10) in the virial coefficient 
form (6). The relations between the constants are 


B=RTBy—Ao—Rd/T?, (11) 
y= —RTBob+Ava—RBid/T?, (12) 
5= RBobd/T°. (13) 


The values of the gas correction function at 
0°C and atmospheric pressure obtained from 
these relations are: f=0.998753, g=1.004503, 
h=1.000224. 

Instead of attempting to calculate the molecu- 
lar weight of air as a mixture, the more accurate 
procedure was to use the measured value for the 
density in the following expression: 


RT/M=p/p—B/pV?—y/pV*—5/pV*---. (14) 


p is one standard normal atmosphere and has the 
value 1.013249X10® dynes cm-. p is the corre- 
sponding density of the air. With 0.03 percent 
CO: and on the basis of the standard normal 
atmosphere, this value is 0.0012930 gram cm-* 
and is the average of hundreds of determinations 
over many parts of the earth.!°-"" 

The problem of obtaining a reliable value for 
the density of dry air reduced to normal con- 
ditions is considerable because, contrary to 
popular conception, the composition of the air in 
regard to oxygen and nitrogen content varies 
between small limits from time to time and place 


6 Holborn, Otto, and Schultze, Zeits. f. Physik 33, 1 
(1925); 38, 359 (1926). 

7 Witkowski, Phil. Mag. [5] 41, 288 (1896). 

8 Koch, Ann. d. Physik 27, 31 (1908). 

® Amagat, Ann. d. Physik [6] 29, 68 (1893). 

10 Paneth, Quar. J. Roy. Meteorol. Soc. 63, 433 (1937). 

11 Moles, Batuccas, and Paya, Comptes rendus 172, 1600 
(1921). 

12 Treuthardt, Comptes rendus 112, 1598 (1921). 

13 Germann, Comptes rendus 157, 926 (1913);.J. de 
Chem. Phys. 12, 66 (1914); J. Phys. Chem. 19, 437 (1915). 

14 Guye, J. de Chem. Phys. 15, 561 (1917); 10, 332 (1912). 

15 Le Duc, Ann. de chem. et de phys. 15, 5 (1898). 

16 Rayleigh, Proc. Roy. Soc. 53, 134 (1893). 

17 National Bureau of Standards. Private communication 
(1941). 
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Fic. 1. Variation of reduced density of air with atmos- 


pheric pressure. 


to place over the earth. A rough correlation 
between the reduced density and atmospheric 
pressure has been found. This is illustrated in 
Fig. 1, which is a plot of data taken from three 
investigators."'-% In the reported data the re- 
duced densities correspond to COs-free air and 
the 45°-latitude value of gravity —980.616. These 
values have been changed for plotting to air 
containing 0.03 percent CO. and to the normal 
value of gravitv—980.665. The considerable 
variation as shown by this graph is explained by 
the theory that, when a high pressure area comes 
in, it brings with it air from higher altitudes which 
is richer in the lighter component, N». The 
variation of composition of N» has actually been 
detected" '5 and correlated with the density. It 
has not been pointed out previously that this 
reason alone is the cause for some of the variation 
in the reported values for the velocity of sound 
in air. 

All the values have been determined for sub- 
stitution into Eq. (4) except Cy”. One can 
determine the specific heat of air with con- 
siderable precision by weighting the specific heat 
of the components at infinite dilution. The 
specific heats of the components are obtained by 
statistical mechanical calculations from spectro- 
scopic data. The results of such a calculation are 
shown in Table I. The mole fractions are the 
accepted values.’ '*!8 Argon is taken to be a 
classical monatomic gas at this temperature and 
it is not necessary to know the specific heat of 
COz to great precision. The specific heat of 
oxygen and nitrogen has been independently 


18 Humphreys, Physics of the Air (McGraw-Hill, 1940), 
third edition, p. 67. 
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calculated by Johnston and co-workers!*2° ang 
Trautz and Ader.** Both of these calculations 
were made using the older accepted values of the 
fundamental constants. Since these constants 
have been revised considerably, it was thought 
best to recalculate these values. In doing so, the 
methods of Giauque” were used. The values of the 
fundamental constants used in this calculation 
were: 
k=1.38048 X 10-'* erg degree! 
h=6.6236X10-*' erg sec. 
7) = 273.16 degrees Kelvin 
C¢r=2.99776 X10" cm sec.~! 
R=1.9868 cal. degree 
= 8.3142 X10? erg degree 
= 82.055 atmos. cm degree. 


From these k7o/hc,=1.8992 X10? cm. The 
accepted value for R is given, although for these 
calculations it is not needed as it cancels out in 
the equations for the velocity of sound. 

The results of the calculation of the specific 
heats are tabulated in Table II. In each case 
(Cy”)o is the specific heat, if there is no vibra- 
tional contribution to it. This is the part that is 
active in the propagation of sound when the 
frequency is above the dispersive region. It is 
interesting at this point to check the calculated 
value of the ratio of the specific heats with the 
experimental values reported in the literature. 
For dry air at 0°C, 


C,*/Cy® =1+R/Cy* = 1.4005 +0.0002, 


where most of the error or uncertainty is in the 
composition of the air. The more useful value is 
the one which takes into account the imperfection 
of the gas. This is at 0°C: 


C,/Cy=1+gR/fhCy* =1.4028+0.0002. 


TABLE I. Calculation of Cy”. 











Component _ Mole Cy™ of Contribution 
gases fraction gases to air 
Ne 0.7809 4.9704 1.9536R 
Oz 0.2095 5.0083 .5281R 
A 0.0093 2.980 .0139R 
CO2 0.0003 6.6 .0010R 


Cy” for Air =2.4966R 








19 Johnston and Walker, J. Am. Chem. Soc. 55, 172 
(1933). 
20 Johnston and Davis, J. Am. Chem. Soc. 56, 271 (1934). 
21 Trautz and Ader, Zeits. f. Physik 89, 1, 12 (1934). 
2 Giauque, J. Am. Chem. Soc. 52, 4808 (1930). 
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VELOCITY OF 


The best determinations of this value by calo- 
rimetric means are given in Table IIT. The check 
is very good and is strong evidence that this is a 
good value for this constant, providing the 
average composition of the air is correct as given 
in Table I. 

If one substitutes the values that have been 
given into Eq. (4), one obtains as the most 
probable value for the velocity of sound in air 


331.447+0.010 meter sec.—. 


However, due to the uncertainties and variations 
in the composition of the air, check with measure- 
ment can hardly be expected to be closer than 


331.45+0.05 meter sec.~! 


This is the velocity of sound of small amplitude 
in dry air with 0.03 percent CO2 at 0°C and one 
standard normal atmosphere pressure, as the 
frequency of the sound approaches zero. 


CORRECTIONS TO MEASUREMENTS OF THE VE- 
LOCITY OF SOUND IN AIR 


In any measurement on velocity it is necessary 
to specify completely the conditions under which 
the measurement was taken. Most measurements 
of this sort are taken at a convenient tempera- 
ture and pressure and corrected to some standard 
condition. In Table IV are given some calcula- 
tions which show the magnitude of all the cor- 


TaBLE II. Specific heat of oxygen, nitrogen, and air 
at 0°C. 











Cy? 
(cal. mole! degree!) 


Oxygen 2.5208R = 5.0083 
Nitrogen 2.5017R=4.9704 
Air 2.4966R = 4.9603 


(Cy~)o 
(cal. mole~! degree) 





2.5018R = 4.9706 
2.5010R = 4.9690 
2.4914R =4.9499 


rections which may have to be made to a typical 
sound measurement at 0°C. Many of these have 
been ignored by many investigators. It is mainly 
for this reason that there has been such a 
discrepancy in the reported values. The following 
remarks may be made about these corrections: 

1. The velocity of sound is to first approxi- 
mation proportional to the square root of the 
absolute temperature. In order to obtain accu- 
racy to one part in thirty thousand, it is neces- 
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Tasee ILL. Determinations of Cp/Cy from experiment. 


Temp. Cp/Cy 
°C 


Investigator Corrected to 0°C 





Lummer and Pringsheim! 5-14 1.4028 
Le Duc? 0 1.404 

Scheel and Heuse* 5 1.4019 
Moody* 1.4009 
Schields® 1.4035 
Partington and Howe® 17 1.4039 
Brinkworth? § 17 1.4023 


Mean 1.4029+.0010 


1 Lummer and Pringsheim, Wied. Ann. 64, 555 (1898). 
2 Le Duc, Comptes rendus 127, 659 (1898). 

> Scheel and Heuse, Ann. d. Physik 37. 79 (1912). 

4 Moody Phys. Rev. 34, 75, 275 (1912). 

5 Shields, Phys. Rev. 10, 525 (1917). 

6 Partington and Howe, Proc. Roy. Soc. 105, 225 (1924). 
7 Brinkworth, Proc. Roy. Soc. 107, 510 (1925). 

8 Landolt-Boérnstein Tabellen. Eg. 1, s. 700. 


sary to hold the temperature to 0.02 degree and 
to correct for it properly. 

2. The change of the imperfection of the gas 
with temperature is commonly overlooked by 
many writers. For air it is appreciable. It may be 
rather large for some gases depending on how 
near they are to their critical temperature. 

3. The correction for pressure is usually 
negligible for air. It may not be so for other gases. 

4. Cy* changes with temperature because 
more molecules are in excited levels at higher 
temperatures. If the measurements are taken 
above the dispersion region and if all the rota- 
tional levels are excited, there will be no change 
in the velocity of sound due to this cause. 

5. The dispersion correction for air is mostly 
due to the oxygen molecules, as few nitrogen 
molecules are in an excited state. 

6. In order to be sure of the CO: content, all of 
this gas is removed where possible. To bring the 
measured velocity to that of normal dry air, it is 
necessary to subtract 0.018 meter sec.—'. This 
corrects for both the change in apparent molecu- 
lar weight and the specific heat. 

7. Many inexact expressions exist in the 
textbooks, handbooks, and tables for the change 
of the velocity of sound with added water vapor. 
It is necessary to correct for both M and Cy in 
Eq. (4). It is incorrect to take the weighted 
average of the ratio of the specific heats. The 
weighted average of the specific heats themselves 
should be taken. 

8. Not the least of these corrections is that due 
to an average day-by-day variation in the compo- 
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sition of the air. The density or molecular weight 
of any gas should be known to better than one 
part in ten thousand for accurate measurements. 

In all measurements of the velocity of sound, it 
is necessary to know whether there is dispersion 
and whether or not the measurement is on the 
higher or lower velocity side of the dispersion 
region. This can easily be determined usually by 
qualitative measurement of the absorption. 
Usually the maximum dispersion region changes 
with addition of impurity. Figure 2 is a graph of 
data taken from Knudsen* on how the frequency 
of maximum absorption in air varies with water 
vapor content. For conditions near and above the 
curved line the velocity is higher and requires a 
dispersion correction. For conditions well below 
the line no dispersion correction is necessary. 


REPORTED EXPERIMENTAL 
VALUES 


COMPARISON WITH 


In Table V are tabulated all the important 
measurements of the velocity of sound in air since 
1900. The column under the heading corrected 
value is for dry air containing 0.03 percent COs. 
The value in the other column is that reported 
by the investigator. It will be noticed that all the 
outdoor measurements except those of Miller 
(reference 8 in Table V) give a low value. It has 
been pointed out** (see also reference 14 in 
Table V) that this is probably due to the 
impossibility of eliminating temperature gradi- 
ents, wind gradients, and reflections from the 
ground, all of which conspire to make the path 
length of the sound wave longer and to lower the 
apparent velocity. The measurements of Miller 


TABLE IV. Necessary information for making corrections to 
velocity of sound in dry air. 








Amount at 0°C 
(meter sec.) 
+0.607 per °C 
—0.044 (25° to 0°) 
— 0.0014 per cm of Hg 


+0.064 (25° to 0°) 
— 0.087 ( to0 freq.) 
—0.018 

+0.052 


Correction on velocity due to 
change of: 
. Temperature 
. f, gz, and h with temperature 
. f, g, and h with pressure 
. Cy® with temperature at low 
frequencies 
. Cy” with frequency 
. COz content from 0 to 0.03% 
. H:O content from 0 to 0.1% 
. The reduced density of dry air 
from 1.2928 to 1.2932 g-liter™ 


Cont Nw m Whore 


—0.051 








23V. O. Knudsen, J. Acous. Soc. Am. 6, 199 (1935). 
* Pierce and Noyes, J. Acous. Soc. Am. 9, 193 (1938). 
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were taken about sixty feet above the ground 
and are, therefore, more likely to be more 
reliable. However, it is felt that many of the 
corrections of Miller were incorrectly made. 

In measurements in tubes and resonators, it js 
necessary to make a troublesome, often an 
empirical, tube correction. The excellent measure- 
ments of Thiessen (reference 3, Table V) give a 
value which is too high because of no knowledge 
of the tube correction. Griineisen and Merkel 


° C © 8 
4 $$ =f} ——t$§ —$ — t-t — t 4 
\ 


® 


~N 


N w & & 


_ 


FReavency of Maximum ABsoraerion (Kizocvezes) 
Ps 





-Ovl -O02 -OoO3 004 


Mo2t FRACTION WATER VaAaPoR ar 20°C 


Fic. 2. Variation of absorption peak with water 
vapor content. 


(reference 9, Table V) have taken this into 
account and have extrapolated to high fre- 
quencies where the corrections vanish. However, 
it is then necessary to correct their reported 
values because of dispersion. If this is done, 
excellent agreement is achieved with the best 
average. The measurements of Pielemeier (refer- 
ence 14, Table V) have been rechecked, and it 
was found necessary to make a screw correction. 
Colwell (reference 16, Table V) reports 331.12, 
but the slope of his curve appears to intersect the 
0°C axis at 331.40. Most of the reported values of 
other workers have been lowered because of the 
correction for dispersion. The measurements of 
Grabau (reference 12, Table V) and Norton 
(reference 13, Table V) still appear to be incon- 
sistent. In the former, at least, this was probably 
due to an uncertainty in the composition of the 
air as to water vapor and COs: content. The 
weighted mean of all the values is 


331.46+0.05 meter sec.—, 
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VELOCITY OF SOUND IN AIR 


TABLE V. Experimental measurements of the velocity of sound in air since 1900. 


Temp. Water 
Year Investigator Method °C content 


CO2 Value of c Corrected Probable 
content Frequency reported value error 





1902 Stevens! tube — 16-20 0 
1905 Hebb? parabolic 22.2 3 
reflector 
1908  Theissen® closed 0 0 
resonator 
Kundt’s tube 
open air 
open air 


1915 Schweikert* 
1918 Esclangon® 
1918 Angerer and 
Ladenburg® 
1919 Hebb’ parabolic 
reflector 
1919 Miller’ open air 
1921 Griineisen and closed 
Merkel? resonator 
1928 Partington and large tube 
Shilling!” 
1930 Reid" 
1933 Grabau” 
1935 Norton tubes 0 
1936 Pielemeier™ 
1938 Kukkamaki!® 
1938 Colwell!® 
1941 Authors 


interferometer 


microphone ‘ ? 
interferometer 0 
Weighted Mean 





1Stevens, Ann. d. Physik 7, 285 (1902). 

2 Hebb, Phys. Rev. 20, 89 (1905). 

3 Thiessen, Ann. d. Physik 25, 506 (1908). 

4Schweikert, Ann. d. Physik 48, 593 (1915). 

5 Esclangon, Comptes. rendus. 168, 165 (1919). 

6 Angerer and Ladenburg, Ann. d. Physik 66, 293 (1922). 
7 Hebb, Phys. Rev. 14, 74 (1919). 


8 Miller, Sound Waves, Their Shape and Speed (Macmillan Co., 1937). 


a value which is in excellent agreement with the 
calculated value. 


MEASUREMENTS OF THE VELOCITY OF SOUND IN 
AIR BY THE AUTHORS 


The authors wished to make some careful 
measurements of the velocity of sound in air 
primarily for three reasons: 

1. Previously reported measurements for the 
most part have been under conditions of temper- 
ature, water vapor content and CQO, content, 
which either were not accurately known, or were 
somewhat removed from the standard conditions 
of 0°C, zero content of H.O and 0.03 percent of 
CO. Therefore, precise measurements taken 
under these conditions directly were desired. 

2. The calculations of the velocity of sound in 
air from independent data, described above, 
demanded a direct check by measurement under 
conditions where none of the controlling factors 
which have been mentioned would be unspecified. 

3. Precise measurements taken at a tempera- 
ture differing somewhat from 0°C were needed to 


07% 


various 


controlled 
interferometer x 2.04% 


interferometer 0-3% 
open air small 


present low 331.73 331.67 +0.25 
present 1000-2000 331.38 331.40 0.15 


0 165-2000 SUSE: fe 


present low 331.9 
present explosion 330.9 
present explosion 330.8 
present 1000-2000 331.44 331.46 
present explosion 331.36 ? 

0 0-11,000 331.57 331.46 


0 low 331.4 331.40 


0 supersonic 331.66 331.53 
0.25% 20-70 ke 331.68 331.59 
0 supersonic 331.76 331.65 
present supersonic 331.64 331.40 
present explosion Sa 
present 400-1800 331.12 331.40 
0 300-1100 kc} =—«. 331.44 = 331.44 
331.46 








® Griineisen and Merkel, Ann. d. Physik 66, 344 (1921). 
1” Partington and Shilling, Phil. Mag. 6, 920 (1928). 

1! Reid, Phys. Rev. 35, 814 (1930). 

12 Grabau, J. Acous. Soc. Am. 5, 1 (1933). 

13 Norton, J. Acous. Soc. Am. 7, 16 (1935). 

14 Pielemeier, J. Acous. Soc. Am. 10, 313 (1939). 

18 Kukkamaki, Ann. d. Physik 31, 398 (1938). 

16 Colwell, Friend, and McGraw, J. Frank. Inst. 225, 579 (1938). 


serve as a final check upon the correctness of 
those calculations involving the temperature, 
which are necessary for correcting a measured 
velocity to 0°C. 

The apparatus used will be described later in 
greater detail.”® Briefly, it consists of a Pierce 
acoustic interferometer with a vacuum-tight 
sound chamber, a vacuum system including 
phosphorus-pentoxide drying tubes and liquid-air 
traps, a furnace with a sensitive relay tempera- 
ture control, and a Rubicon Type B potentiome- 
ter with calibrated Chromel-Alumel thermo- 
couples for temperature measurement. For the 
velocity measurements in air, the furnace and 
temperature control were not needed, since all 
measurements were taken either at 0°C or at 
room temperature. For each measurement the 
temperature was held constant to within 0.02°C, 
by an ice or water bath. 

Three micrometer screws were used. Two of 
these were calibrated by direct comparison with 
the third, a screw certified by the Mann Instru- 


25 1D. Telfair. Paper to be submitted soon for publication 
in J. Acous. Soc. Am. 
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TABLE VI. Measured velocity of sound in air reduced to standard conditions. 








Date of 
measurement 


Frequency 


Temp. 
(ke-sec.~!) > 


Screw used 





—= 


Atmospheric conditions 


Bar. Pr. 


Reduced 
velocity 


Probable 


error How changing 





1/28/41 
1/29/41 
3/1/41 
3/2/41 

*4/16/41 
4/19/41 
4/20/41 


British 
British 
British 
British 
Mann 
Gaertner 
Gaertner 


902.45 
902.47 
1081.66 
1081.26 
551.24 
610.58 
610.61 
Average 


23.50 
23.65 
0.19 
23.82 
0.64 








* This measurement was taken in another interferometer. 


ment Company. The latter was found to be in 
precise agreement with a compensated Geneva 
comparator. The support for the quartz crystal 
sound source was constructed in a manner which 
allows an accurate alignment of the crystal 
surface with the reflector surface, an adjustment 
which is of importance in precision measurements 
of velocity by this method.”® 

The air intake for these measurements stood in 
the path of a light breeze of fresh outdoor air 
from a nearby window. This air was pre-dried by 
passing it slowly through the phosphorus- 
pentoxide drying tube. It was then passed slowly 
through a liquid-air trap in order to remove 
carbon-dioxide and the last traces of water vapor. 
Thus the usual uncertainty as to H2O and CO» 
was eliminated. In order to determine the wave- 
length with maximum precision, high frequency 
crystals whose plate current peaks were still 
relatively sharp for distances as great as 600 half- 
wave-lengths were used. Path lengths as long as 
possible (70 to 90 mm) were taken, and three or 
more consecutive peak readings were taken for 
every fifty half-wave-length positions while 
lowering and again while raising the reflector. 
Thus a large number of screw readings were 
available for averaging for each velocity de- 
termination. 

The results of these measurements are pre- 
sented in Table VI. An accurate knowledge of the 
oxygen-nitrogen composition of the air at the 
time of each measurement would have been 
highly desirable, but the equipment for obtaining 
this information was not available. However, the 
results of Table VI suggest the type of correlation 
_ between the reduced velocity and atmospheric 
conditions which is to be expected from the 


26 J. C. Hubbard, Am. J. Phys. 8, 207 (1940). 


331.49 +0.09 


331.37 .09 
331.45 05 
331.42 07 
331.46 .08 
331.42 .06 
331.47 05 
331.44 
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foregoing discussion of air density determinations 
under the heading calculation of the velocity of 
sound tn atr. 

The standard conditions referred to in Table 
VI are: low frequency sound, dry air at 0°C and 
one atmospheric pressure, containing 0.03 mole 
percent of CO. Table VII gives an example of 
how the velocity at standard conditions is ob- 
tained from the measured velocity. 

The uncertainty in these measurements is 
estimated as follows: The frequency may be 
measured with a precision of 0.002 percent, 
providing suitable precautions are taken.”’ Al- 
lowing for error in the calibration and reading of 
the micrometer screw, the wave-length may be 
measured with an accuracy of 0.01 percent or 
better. Taken together, the thermocouple cali- 
bration error and error in the potentiometer and 
standard cell might produce an error in the 
absolute temperature measurement as high as 
0.01 percent which, in turn, would introduce an 
error of about half this amount in the corrected 
velocity. The other corrections are all small and 
can be calculated with a fair degree of certainty 
for air. Finally then, the velocities corrected to 
standard conditions are considered as_ being 
correct within 0.02 percent, for the particular 
oxygen-nitrogen composition which existed at 
the time and place of measurement. As already 
pointed out, this composition variation alone may 
cause deviations from the average reduced 
velocity as great as 0.017 percent. 


CONCLUSION 


The results given in Table VI check the value 
calculated from Eq. (4) in a very gratifying way 


27 W. H. Pielemeier, J. Acous. Soc. Am. 9, 212 (1938). 
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TABLE VII. A typical example of the corrections involved in reducing the measured velocity of sound in air to 
standard conditions. 


Quantity involved 


Estimated 


Magnitude uncertainty 








Measured wave-length, A, for 23.82°C, zero percent COz and H2O. (Screw 


correction included) 
Measured frequency, f, of quartz-plate source 
\f=c, the measured velocity for above conditions 
: Temperature correction to be subtracted 


0.31977 0.00003 mm 
1081.26 .O1 ke sec.7! 
345.73 .03 meter sec.~ 
14.16 .02 meter sec. 


Velocity at 0°C, zero percent H,O and COs, and high frequency, on basis of 


perfect gas , 
Dispersion correction to be subtracted 


331.57 .05 meter sec. 
0.09 .O1 meter sec.~ 


Low frequency velocity at 0°C, zero percent H2O and COs, on basis of perfect 


gas 
Gas imperfection correction to be subtracted 


331.48 .06 meter sec.~ 
0.04 .O1 meter sec. 


Velocity as above, but taking into account the deviations of air from a perfect 


gas. (Items 2 and 3 of Table IV.) 
Correction from 0.0 to 0.03 percent CO» 


331.44 .07 meter sec. 
0.02 .0O meter sec.~ 


Velocity reduced to standard conditions—dry air, 0.03% COs, 0°C, atmos. 


pressure, low freq. 





and also substantiate the validity of the correc- 
tions of Table IV used in bringing the measured 
values to standard conditions. The revised re- 
ported results of many other experimenters 
working with many different methods under 
many different conditions, as given in Table V, 
also check these results. It appears, then, that the 
confidence of many investigators may be re- 
affirmed in the correctness of experimental 


331.42 .07 meter sec. 


methods used at ultrasonic frequencies. In con- 
clusion, it appears that the accepted value for the 
mean velocity of sound in air, under the con- 
ditions herein defined, should be 331.45 meter 
ae. 

The authors wish to thank Mr. Walter H. 
Byers for checking most of the laborious calcula- 
tions on the specific heat and the velocity of 
sound. 
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INTRODUCTION 


XPERIENCE in rooms with wood-paneling 
and sound-diffusing surfaces indicates that 
the manner in which the reverberant and other 
aftersounds in a room are distributed has possibly 
as much to do with the acoustical excellence of a 
room as the actual time of decay in the room, 
and from time to time we have heard discussions 
on the diffusion of sound in rooms not only in 
regard to fulfilling the assumptions in the Sabine 
reverberation formula, but in regard to its sub- 
jective effect. 

Before presenting data on the convexed wood 
panels or diffusers described in this paper, let us 
briefly discuss some general observations on the 
action of sound in rooms and halls known for 
their acoustic excellence, a fuller discussion of 
which may be found in the literature.! In many 
of these rooms, as, for example, the Philadelphia 
Academy of Music, which has several tiers of 
boxes, and wood paneling throughout the audi- 
torium, the projecting surfaces which are com- 
parable in dimensions to the wave-length of 
sound tend to disperse the reflections and give a 
more diffuse distribution of sound. The important 
point regarding sound diffusion is that it does 
not lessen the total energy in the room, but 
rather it increases the number of reflections per 
unit time and hence lessens the intensity level 
of the individual reflections. This factor is of 
practical importance in the placement of micro- 
phones in that it lessens the effect of interferences 
between the direct sound and the first reflections. 
The small increments of energy and random 
phases of the diffused sound also produce a 
smoother decay curve in the enclosure. Since a 
smooth decay curve presupposes the absence of 





* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 

1F. R. Watson, Acoustics of Buildings (John Wiley and 
Sons, New York, 1930), second edition; H. Bagenal and 
A. Wood, Planning for Good Acoustics (Methuen and Co., 
1930); V. O. Knudsen, Architectural Acoustics (John Wiley 
and Sons, New York, 1932); P. E. Sabine, Acoustics and 
Architecture (McGraw-Hill, 1932). 

2See C. C. Potwin and J. P. Maxfield, “A modern 
concept of acoustical design,’’ J. Acous. Soc. Am. 11, 48 


(Received November 22, 1941) 
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echoes, rooms with sound diffusers apparently 
can tolerate a slightly greater reverberation time 
and thereby effect a better compromise between 
the optimum conditions for speech and music. 
This increased reverberation time coupled with 
the effects of panel resonance may account for 
rooms treated with polycylindrical diffusers 
sounding somewhat larger than ordinary rooms, 

A second factor of importance in the acoustics 
of the Philadelphia Academy of Music is that 
the wood paneling also helps to give a diffuse 
distribution of sound by virtue of the fact that 
the energy incident on its surface which is not 
absorbed is reradiated.* This reradiated energy 
does not follow the regular law of equal angle of 
incidence and reflection, but due to panel vibra- 
tion acts more like a loudspeaker diaphragm and, 





rt THICK RIBS 
/ OR BRACES CUT 
TO SEGMENT SHAPE 


F Vex 2 STRIPS 
F SOFT FIBREGOARD 


RIBS SPACEO AT RANDOM - 


Fic. 1. Convex plywood panel. 
(1939), for interesting comments on modulation effects in 
the decay curve due to shifting interference patterns. Also 
R. L. Hanson, “‘Liveness of rooms,”’ J. Acous. Soc. Am. 3, 
318 (1932). 
3 Hope Bagenal and Alex. Wood, Planning for Good 
Acoustics (Methuen and Co., 1931), p. 10. 
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Fic. 4. Direct and reflected response of panels used in interference measurements. 


Fic. 5. Growth and decay curve of vibrating convex panel. 





POLYCYLINDRICAL 


Fic. 6. Listening studio at 
RCA showing  polycylindrical 
surfaces with axes mutually per- 
pendicular. 


therefore, for many frequencies either disperses 
the incident energy over a wide angle or changes 
its direction. Similar diffusion also occurs due to 
reradiation from cavity resonators formed by the 
boxes and other pockets in the tier balconies. 
A third important factor in the Academy 
acoustics is that the radiation from the wood 
paneling further occurs due to direct “‘telephonic’”’ 
transmission from the original sound sources on 
the stage through the wood flooring and panel 
mounting structure. Since the panels in the 
Academy are more or less of different sizes and 
shapes the panel resonance frequencies are not 
selective. Two interesting factors to note here 
are that the panel radiators have a decay time 
of their own, and that the transmission time in 
wood is much shorter than in air. 


This “diffuse” distribution of energy coming 
from many random directions and from a great 
number of small sources of sound in the room 
has, in addition to giving a more uniform dis- 
tribution and decay of sound, the important 
psychological effect created by enveloping the 


audience with sound which gives a certain 
feeling of body or depth to the sound. The 
“feeling”’ effect of sound is further enhanced in 
the Academy by the transmission of sound 
through the wood floor to the seats and from 
other structures in the room. 

Consideration of this diffuse aftersound in 
rooms known for their good acoustics has led to 
the following developments: (1) The use of 
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convex curved surfaces, usually cylindrical wood 
paneling, in the acoustic design of rooms which 
forms the topic of the present paper. (2) The use 
of a multiplicity of ‘room’ loudspeakers on 
sound reproducing systems for creating the 
feeling of depth or body through the spatial 
effect of enveloping the audience with sound. 
Such ‘room’ loudspeakers have been used 
separately and in combination with ‘“‘direct”’ 
loudspeakers for adding realism to reproduced 
reverberation. 


CoNVEX Woop PANELS 


Figure 1 shows a typical curved wood panel 
consisting of 4’ <8’ plywood formed over curved 
segment braces and fitted at the edges with 
2""X3" strips which have been routed and held 
together with 1’’X3”’ back braces. The segment 
braces which are spaced at random have strips 
of 3’ Celotex or other soft fiber board placed 
between them and the paneling to prevent 
rattles. It is felt that convex cylindrical wood 
paneling is particularly suited to meet the afore- 
mentioned requirements of a good sound diffuser 
because it disperses sound energy not only by 
reflection from its curved surface but by radia- 
tion due to its resonance action or panel vibration 
which as already mentioned is set up by either 
direct transmission from the original sources of 
sound or by partial absorption and reradiation of 
the aerial sounds impinging on its surface. 
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Dispersion by reflection depends on the size 
and curvature of the panel and their relation to 
the wave-length. Dispersion characteristics for a 
curved and flat panel plotted on polar coordinates 
are shown in Fig. 2. This shows clearly the 
diffusing action of convex curved surfaces and 
was obtained by rotating the panel about its 
long axis while keeping the source and directional 
pick-up constant. It should be noted here that 
the apparent source for convex reflectors 
always behind the surface. The value of such 
surfaces in reducing the interference effect of 
first reflections as compared to flat surfaces is 
shown in Fig. 3. Note that the aiding effect at 
some frequencies and the cancelation at others 
is less for the convex panel. The relative intensity 
levels of the direct and reflected waves used in 
obtaining the interference curves are shown in 
Fig. 4. The reduction in interference effect is 
significant when we remember that the total 
energy content of the reflected wave from either 
surface remains the same. As mentioned earlier, 
the reduction of the interference effect of first 
reflections is important in studio microphone 
pick-up in allowing greater freedom of place- 
ment. For remote surfaces in large rooms a 
similar diffuse reflection may be obtained by 
means of concave reflectors providing the focus 
point or the apparent source of sound, which in 
this case is in front of the reflector, is not within 
or near the seating area or any other critical area. 

Dispersion of sound by means of panel reso- 
nance depends on the modes of vibration set up. 
For areas of motion small compared to the 
wave-length radiated, the distribution will tend 


is 


C.P.S. 


7. Reverberation time of listening studio. 


to be non-directional. 
the surface, 


For vibrations normal to 
a convex cylindrical panel would 
tend to set up a cylindrical wave front as com- 
pared to the plane wave front in the case of flat 
panels. 


The resonance frequencies and response 


of a panel depend on a great number of factors 
such as the damping coefficient of the material, 
thickness, spacing of braces, method of mounting 
of the entire panel, etc. It is interesting to note 
that due to the added stiffness introduced by 
bending, a smaller panel thickness may be 
employed for curved panels for the same fre- 
quency. esonance time’’ of 
a typical panel excited at one of its modes of 
vibration is shown in Fig. 5. In addition to the 


The decay time or ‘‘r 
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Fic. 9. Disk recording studio in South America. 


Fic. 10. Disk recording 


studio in New York. 
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Fic. 11. Orchestra shell with polycylindrical plywood panels. 
(Courtesy of Walt Disney Studios.) 


dispersion and radiation action, the vibration of 
the wood paneling aids the absorption efficiency 
over more rigid materials. Preliminary data 
indicates a coefficient of approximately 0.18 over 
a considerable band of frequencies, which checks 
data given by Bagenal & Wood on flat 3-plywood 
panels. 


* 


STUDIO WITH POLYCYLINDRICAL Woop PANELS 


Figure 6 is a photograph of one of the studios 
in the new RCA Sound Engineering Laboratories 
at Indianapolis, Indiana, used for listening pur- 
poses. In addition to the cylindrical wood 
diffusers already mentioned, these studios have 
several other features of interest in room acoustic 
design. 

In order to obtain maximum diffusion in the 
three orthogonal planes the axes of the poly- 
cylindrical surfaces were placed mutually per- 
pendicular to each other. Three different sized 
panels and curvatures were used further to 
obtain asymmetry in the pattern of diffused 
sound. The high degree of diffusion obtained in 
this type of room is evidenced in the smoothness 
of the decay curves. The reverberation curve for 


this studio is shown in Fig. 7, which conforms 
reasonably well with published optimal times.‘ 

Another feature of the studio is the choice of 
the major dimensions (12.5 ft.x20 ft.x32 ft.) 
which progress in two-third octave steps in order 
to avoid the “piling up’’ of room resonances. 
This is especially important for small rooms 
where the frequency gap between fundamental 
and harmonic resonances is oftentimes great, 
and unless guarded against may lead to a room 
response with wide hollows in the audible range. 
In the present case this consideration was im- 
portant because the use of large convex diffusers 
effective in the range below approximately 300 
c.p.s. was not considered practical. In large 
rooms consideration should be given to the use 
of low frequency diffusers as well as for the mid 
range and high frequencies. 

A chart giving preferred dimensions versus 
room size for various types of rooms is shown in 
Fig. 8. If a room is very small and nearly cubical 
in shape the direct ratio of the cube root of two 
would be preferred (see curves C : D: E). For 
average studio sizes the ratio should be near the 


‘ Robert M. Morris and George M. Nixon, ‘‘NBC studio 
design,” J. Acous. Soc. Am. 11, 48 (1939). 
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Fic. 12. Proposed design of a small film recording studio and review room. 
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Fic. 14. Proposed design of a sound movie theater. Upper, stage of Cinema Evcanto showing suggested acoustic treatment 
Lower, view from stage. 


cube root of four (see curves B: D: F). This 
approximates the frequent practice in the broad- 
cast field of using a ratio of 2:3:5. If a low 
ceiling is necessitated then the ratio given by 
curves B : C : G would be preferred. In all cases 
the dimensions shown are derived from the 
ratio of the ¥2. Stating it another way the 
major dimensions should be separated } octave 
with respect to each other, or, other ratios de- 
rived from this fundamental ratio by shifting any 


or all of the dimensions by one or more integral 
octaves may be used. 


OTHER TYPICAL APPLICATIONS OF 
CONVEX SURFACES 


The first application of the general principles 
outlined in this paper was in the RCA Recording 
Studio in South America which is shown in 
Fig. 9. This studio is approximately 38,000 cu. ft. 
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and has a calculated reverberation time of 0.9 
sec. It has a wooden floor, 70 percent convex 
reflectors of 1” plaster and 30 percent 1” rock- 
wool. A similar treatment, except that the poly- 
cylindrical diffusers were wood and less rockwool 
was used, is shown in Fig. 10 on the RCA disk 
recording Studio, New York, New York. This 
general type of design has also been applied to 
the WFAA Studios as mentioned in Dr. Boner’s 
paper in collaboration with K. C. Morrical. 

An application of polycylindrical design to an 
orchestra shell which was used last winter for a 
recording by Leopold Stokowski on the Walt 
Disney Live Action Stage and which is here 
reproduced through their courtesy, is shown in 
Fig. 11. The multiplicity of dispersing surfaces 
and resonant panels not only minimized the 
microphone placement problem, but gave a 
more pleasing reinforcement of sound to the 
conductor and musicians. The platforms were for 
elevating and reinforcing the bass instruments in 
the orchestra. 

Functional styling in acoustics is receiving 
more and more recognition through a growing 
cooperation between architect and engineer. The 


styling sketches in Figs. 12 to 14 by Mr. Robert 
Holley on projects either under way or con- 
templated, show the adaptability of cylindrical 
surfaces to functional styling. Figure 12 is one of 
several studios now under construction in the 
east, while Fig. 13 shows the proposed design 
for the RCA Film Recording Studio in New 
York. Figure 14 shows the styling for a theater 
with side wall panels streamlined. Innumerable 
combinations of convexly curved surfaces will 
suggest themselves to the designer. 

In conclusion it is gratifying to know that 
wherever this general type of polycvlindrical 
wood diffusers has been used along with the 
necessary absorbents for optimum reverberation 
the results have been more than satisfactory. 
The author wishes to acknowledge the assistance 
received from his associates in the collection of 
data particularly from Dr. K..C. Morrical who 
carried through the design and tests on the RCA 
Disk Recording Studio, 24th Street, New York, 
New York. The author is also indebted to Dr. 
C. P. Boner for information and discussion in 
connection with his tests and application of 
convex panels to broadcast studios. 








JANUARY, 


1942 Je As 


VOLUME 33 


Performance of Broadcast Studios Designed with Convex Surfaces of Plywood* 


Bae 


BONER 


University of Texas, Austin, Texas 
(Received November 13, 1941) 


N a number of recent examples of modern 
acoustical design, use has been made of 

splayed and shaped surfaces in order to eliminate 
flutter, to secure ‘“‘proper”’ distribution of sound, 
to aid in control of the absorption of panels, and 
to accomplish subjective improvements in room 
performance. Occasional use has been made of 
cylindrical sections, but results of such designs 
have not been readily available. The work 
described in this paper followed initial discus- 
sions with Messrs. M. C. Batsel, J. E. Volkmann, 
and K. C. Morrical of RCA Manufacturing 
Company, Inc. During these discussions it was, 
of course, noted that large-scale construction of 
rooms and extensive measurements should be 
made in order to determine (a) the objective 
performance of rooms designed with convex 
surfaces of plywood and (b) the correlation 
between objective results and subjective excel- 
lence of the rooms. 

Fortunately, at the time of these discussions 
the author was involved in acoustical studies of 
a proposed Music Building at the University of 
Texas and of a group of studios for radio stations 
WFAA and KGKO, of Dallas, Texas. Inasmuch 
as both projects were in the hands of LaRoche 
and Dahl, architects, it seemed logical to make 
the proposed studies of plywood surfaces simul- 
taneously in the two installations. With the 
enthusiastic approval of University authorities 
and of the management of WFAA-KGKO, 
appropriate studies were begun. In the initial 
studies Dr. Morrical joined the WFAA-KGKO 
staff, the architects, and the author and con- 
tributed considerable data on previous studies 
of a similar nature. Following completion of the 
studios and the formal opening of WFAA- 
KGKO’s new plant on June 20, 1941, prolonged 
experimental studies have been made, and other 
studios have been similarly constructed. Par- 
ticular thanks are due the management and 
staffs of WFAA, KGKO, and KSKY of Dallas 


* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 


and KGBS of Harlingen, Texas, for permission 
to interfere with studio operation during re. 
verberation measurements and for much active 
assistance in the tests. 

Measurement of reverberation period has 
followed the customary procedures. A very large 
number of high speed level recorder records have 
been taken by Messrs. Charles Rutherford and 
Frany Seay during these tests. Measurements 
have been made with single microphone, with 
five microphones and commutator, and with ten 
microphones and commutator. 

In order to secure maximum diffusion an 
effort has been made to incorporate plywood 
cylinders in walls and ceiling, the three groups 
of cylinders having orthogonal axes. Figure 1 is 
a wide-angle photograph of Studio C at WFAA- 
KGKO, supplied by Mr. Raymond Collins, 
chief engineer. In this studio, structural and 
architectural ‘“‘difficulties’” prevented use of 
cylinders in the ceiling. In some studios, for 
further control of reverberation period, absorbing 
panels have been employed in ceiling and wall 
areas, and rugs have occasionally been used. 
Cylinder dimensions have been varied during 
these studies, as well as the size and location of 
absorbing panels. Although a limited time has 
elapsed since the beginning of the work, there is 
ample ground for drawing certain conclusions, 
objective and subjective, regarding the rooms 
constructed to date. 


RESULTS 


1. The decay in these rooms appears to be 
more nearly logarithmic than in conventional 
rooms of the rectangular parallelopiped form. 

2. The diffuse state is more closely approxi- 
mated in these rooms than in conventional 
rooms. For two rooms of approximately 7000 
cubic feet each, one essentially a rectangular 
parallelopiped and the other the room shown in 
Fig. 1, the wave pattern at 200 cycles is less 
marked in the Fig. 1 studio by approximately 
30 to 40 db. See Figs. 2 and 3. 
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BROADCAST STUDIOS WITH CONVEX SURFACES 


Fic. 1. 


3. At wave-lengths approximating the trans- 
verse cylinder dimensions (and hence the spacing 
of the supporting wood studs) the construction 
affords somewhat increased absorption in relation 
to that over the remainder of the frequency 
band. Hence, for extreme flatness of period- 
frequency characteristic these dimensions should 
be made “random.” Ordinarily, architectural 
difficulties will impose a severe limit on such 
spacing. Curves 5 and 6 show this increased 
absorption in two studios. 

4. If the plywood cylinders are finished with 
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several coats of paint or with shellac and varnish, 
the absorptivity decreases slowly with increasing 
frequency, above the frequency of maximum 
absorption noted in result 3 above. This effect 
tends to compensate for increasing atmospheric 
absorption at the higher frequencies. See curves 
2 and 10. 

5. Painting or varnishing the plywood affects 
chiefly the band above 10 kilocycles (curve 3 is for 
an unfinished room). As would be expected, a hard 
finish reduces the high frequency absorptivity. 
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6. If an absorbing flat is substituted for one 
of the cylinders (provided adjacent cylinders 
have a chord of the same dimensions as the flat 
surface), the absorptivity of the material in the 
flat is markedly increased at wave-lengths of the 
order of magnitude of twice the width of the 
flat surface. 

7. With plywood cylinders as described, rooms 
of volume comparable to those described in the 
accompanying curves (excepting perhaps 7 and 
9) may be constructed so as to have a reverbera- 
tion period essentially constant from 40 cycles 
to 17 kilocycles (curves 2, 5, 6, 10). 

8. The Eyring formula applies to this design 
of room, provided proper coefficients are used 
for the plywood. Study is being continued on 
this point and it is hoped that measured values 
of the coefficients may soon be sufficiently well 
determined to justify publication. At present it 
is possible to compute coefficients from existing 
studios and then to predict the reverberation 
period of new rooms with fair precision. As 
would be expected, the coefficient of the plywood 
is a function of the cylinder dimensions, bracing, 
material, etc. The coefficient, however, is con- 
siderably larger than might be expected from 
the literature. In some configurations, the 
plywood may exhibit a coefficient as large as 0.26. 

9. Reverberation periods given by Morris and 
Nixon! are essentially optimum for these diffusive 
designs in broadcast studios. It is interesting to 
note, however, that our measurements show, in 
confirmation of the comments of Potwin and 
Maxfield? that many existing studios have 
reverberation periods far below the “optimum 
periods.”” The measurements also show that 
some of these dead studios reach the optimum 
period only in a narrow band from 3 to 7 kilo- 
cycles, and that flutter and “‘brittleness’’ result 
(see curve 8). The newer diffusive designs avoid 
this difficulty. 

10. For piano, organ, strings, reeds, and vocal 
music, a flat characteristic (curve 10) is most 
acceptable to operators and performers alike. 
Curve 5 seems also to be acceptable. 

11. For brass instruments, a characteristic like 


1Robert M. Morris and George M. Nixon, “NBC 
studio design,”’ J. Acous. Soc. Am. 8, 81 (1936). 

2C. C. Potwin and J. P. Maxfield, ‘‘A modern concept 
of acoustical design,’ J. Acous. Soc. Am. 11, 48 (1939). 
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curve 7 is more pleasing to the performers 
although the flat characteristic seems to . 
preferable from the listener’s standpoint. Ip 
these diffusive rooms, brass players (particularly 
trumpet and trombone, of course) hear their 
own high frequency output for the first time 
and they are sometimes displeased with the 
result. They are, as it were, submerged in their 
own diffuse sound field, in the absence of echoes, 
Unmuted loud brass tone in small rooms tends 
to annoy other members of the orchestra unless 
the region above 10 kc is rapidly attenuated. In 
contrast, singers, pianists, and violinists feel a 
particularly pleasing reenforcement in all these 
new studios. 

12. Bands accustomed to playing in over- 
treated rooms, outdoors, or in noisy locations 
where high instrumental output is required are 
surprised at the ease with which a high level is 
obtained in these studios. Those who are willing 
and able to hold their acoustical vigor in check 
are happy in these rooms; those who do not 
conform to the surroundings, or whose instru- 
ments have considerable high frequency output 
in a directional beam, may be unhappy. For 
the latter class, a frequency characteristic flat 
to 10 kc, at the optimum period, and with a 
drooping characteristic above 10 kc seems to be 
the solution. 

13. Rugs under microphones aid in reducing 
floor reflections that are troublesome, although 
the rug absorption is selectively high above 10 kc. 
Curve 1 represents a studio with rug (about ?” 
thick); curve 2 is the same studio without the 
rug. Curves 4 and 5 show similar results for 
another studio. It is indeed unfortunate that 
diffusive construction of the floor is so impossible 
under our present concept of a floor. However, 
a rug constitutes a very simple way of “regu- 
lating’’ these studios to the desired working 
conditions after construction. 

14. For speech, a rug is particularly desirable. 
Tests indicate that, if the room has a flat 
characteristic, the band above 10 kc may annoy 
a vigorous speaker in the room. Curve 4 shows 
what is seemingly the optimum condition for 
speech. 

15. Single microphone pick-up for orchestra or 
chorus in these studios gives the best results. 
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Placement of the single microphone is not 
particularly critical, provided it is placed well 
away from the group. The null plane of ribbon 
microphones, as would be expected, is not well 
defined in these rooms unless a rug is used. 

16. Room dimensions are particularly impor- 
tant. Curves 5 and 10 are for rooms of nearly 
identical design, except in that room 5 has poor 
dimension ratios and room 10 has dimensions 
essentially following the cube root of two rule. 
Room 10 is preferred by orchestras in most 
cases. Room 6 is nearly a cube (because of 


a 


initial structural conditions). The resonant point 
is easily recognizable. 

17. Curves 7 and 9 are for a large studio of 
more or less conventional design. The loss of 
high frequencies is apparent, as well as the low 
reverberation period for this volume of room. 
Curve 7 is for the case where a fairly heavy 
drape covers the rear wall of the stage; curve 9 
is for the studio without the curtain. The effect 
of the essentially flat rear wall and its first 
reflections is noted in a general roughening of the 
response curve and in a peak near 200 cycles. 
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Acoustic Impedance of Porous Materials* 


Leo L. BERANEK 
Cruft Laboratory, Harvard University, Cambridge, Massachusetts 


A thorough understanding of the acoustical properties of porous materials is becoming 
increasingly important because of the wide variety of unusual and important applications in 
which they are finding use. A simple and useful theory is presented for predicting the normal 
acoustic impedance of isotropic porous materials in terms of three previously described simple 


constants, namely, flow resistance, porosity, and effective dynamic mass of the enclosed gas. 
The variation of normal impedance with angle of incidence for spaced-out or rigidly backed 
samples is treated. A striking possibility is discussed, namely, that gaseous expansions are 
isothermal over most of the audiofrequency range in materials made of finely divided particles. 
Many isotropic acoustical materials appear to fall in this class. This means that an air cavity 
becomes /ess stiff to dynamic compression when a very porous finely divided material is added 
to the cavity than when the material is not present. The results are checked against experi- 
mental data. A simple method is described for measuring the porosity P of a material, namely, 
the ratio of the volume of the air spaces in a material to the total volume of the material. 





I. INTRODUCTION 


HE problem of absorption in acoustical ma- 
terials has been treated by many writers. 
In particular Kuhl and Meyer, Gemant, Monna, 
Morse, Bolt, and Brown! have published rela- 
tions between the specific normal acoustic im- 
pedance or absorption coefficient of a porous 
material, under certain associated mounting con- 
ditions and wave incidence, to certain constants 
of the material itself. Their results are carried 
further in this paper and equations are derived 
giving the specific normal acoustic impedance, 
(hereafter called the surface impedance), for 
normal and arbitrary angles of incidence and for 
rigid wall and cavity backing. Experimental data 
are given to confirm the results and to indicate 
where further work is necessary. 


II. MATHEMATICAL DERIVATION OF THE 
WAVE EQUATION 


The derived wave equation is to include terms 
to take account of the presence of both air and 
solid matter in each unit volume of space; 
viscous friction between air and solid molecules, 
and interfriction among air molecules. The three- 
dimensional case is treated. Consider first that 





* Presented at the Twenty-Sixth Meeting of the Acousti- 
cal Society of America, in New York, October 24-25, 1941. 
Prepared in part under a Parker Fellowship Grant, 1939- 
40, Harvard University. 

1V. Kuhl and E. Meyer, Sitz. Preuss. Akad. Wiss. Phys.- 
Math. Klasse 416 (1932); A. Gemant, Ibid. 579 (1933); 
Morse, Bolt and Brown, J. Acous. Soc. Am. 12, 217 (1940). 
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an acoustical material can be subdivided into a 
number of small volumes and that each of the 
volume elements contains a certain portion of 
solid matter and a certain portion of air. For 
simplicity the construction of the material might 
be assumed to be as shown in Fig. 1. In the 
simplest case each small volume of solid material 
AV» would not move significantly in relation to 
the motion of the air particles because it would 
either (a) be rigidly held to its neighbor by small 
interconnecting filaments or (b) be sufficiently 
dense compared to air. In other words, the forces 
exerted on each volume of material would 
effectively displace the air particles alone and not 
the solid matter of the material. In the general 
case it is necessary to include the characteristics 
of the motion of the solid particles in the 
treatment. 
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In the customary manner, a continuity and a 
force equation are to be derived and then com- 
bined to give a wave equation. The single 
dimensional case will be treated here, it being 
understood that the results can be generalized to 
the three-dimensional case with no difficulty. 

Assume a small incremental volume AV,=SAx 
with an enclosed incremental volume of solid 
matter AV,, = S2Ax2 (see Fig. 2). Then the incre- 
mental enclosed volume of air AV,=AV;—AV» 
= Ax,S+Ax2Si. 

The porosity, P, of the acoustical material will 
be defined as the ratio of air enclosed in the 
volume to the volume itself, i.e., 


P=AV,/AV.i=(SAx1+ SiAx2) / SAx 
(1) 
Axe 1 
=1—-— ——____. 
Ax 1+(S;/S2) 
Continuity equation 


Set p equal to the average density of the air 
in the volume SAx. Let & be equal to the average 
velocity of the particles entering through one of 
the faces of area S. The total incoming mass of 
air particles into volume AV; in the time interval 
At will equal 


puSAt. (2) 


The total outgoing mass of air particles from 
the volume AV, from the opposite face of area 
AyAz, will equal 


Opi — 
E +-— ax|Say. (3) 


Ox 
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The difference of (2) and (3) will equal the 
total accumulation of mass in the volume, i.e., 
ApPAxS. If we then let the volume of gas shrink 
infinitesimally small and replace the average 
density and velocity by hypothetically con- 
tinuous values we can write 


O(pu)/dx+Pdp/dat=0. 


If small particle displacements are assumed it is 
legitimate to write that 


pou /dt+ Pdp/dat=0. (4) 


Gas law 


It is now assumed that the cycle of condensation 
and rarefaction of the enclosed air in acoustical 
materials is tsothermal. This appears to be true 
for many acoustical materials—at least for fre- 
quencies below 2000 c.p.s., and this will be shown 
experimentally later. Under this assumption 


Apo ‘Po= —AV, Vas (5) 


where po is the atmospheric or static pressure. 
But pVa=p’ V'a, so —(AVa/ Va) = (Ap/p), and 


Apo ‘po=Ap ‘p. (6) 


Let Apo=p, then the continuity equation be- 
comes 


du Pdap 


roan asian (7) 
Ox Po ot 


Under steady-state conditions this becomes 
du jwP 
—+—p=0, (8) 
Ox Po 


where p and wu are now functions of x alone. 


Force equation 


Let p be the average variational pressure over 
one of the faces S of the volume (Fig. 2). The net 
force applied to the volume will be 


Op Op 
pS— (7 +<ax)s = ——SAx. (9) 


Ox Ox 
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This force will be opposed by the sum of the 
respective masses. times the accelerations of the 
air and solid particles in the volume and by a 
force dependent on friction. 

The following continuity 
namely, 


holds, 


equation 


Sa = $11 4+ Sotis, (10) 


where @ is the average velocity of particle motion 
through the face at x=0, a is the average 
velocity of particle, motion through the face Sj, 
and wt: is the average velocity of the solid 
matter of face area So. 

If an air flow is initiated through the volume 
in the x direction there will be a force due to 
friction tending to oppose its flow. If this force 
is measured with steady air flow, then it can be 
written that 


Force due to friction = R’Ax Si 


= RS, Axothy, (11) 


where R’ is the specific acoustic resistance due to 
friction and is that measured by the flow re- 
sistance apparatus described in Section III of 
this paper. Since under steady air flow conditions 
iz will equal zero, we can by (10) write that 


Rz = R’Ax Ax». ( 12) 


The dynamic forces on the areas S; and S2 at 
x= are, 
pS = pS,;Ax.0du; ‘Ot + RoS;Ax2(% — lio), 


(13) 
pS» = poS2Ax.0dt2 Ot+ RS Axo(te —_ il), 


where f2 is the average density of the solid 
matter. The total force acting on the volume SAx 
was given in (9) and is equal to the right-hand 
side of (14) following: 


—dp Ou Ou; 
——SAx = pSAx;—+ pS; Ax» ae 
Ox ot ot 
0 Ue : 
HeSher— (14) 


ot 
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#, and a: can be eliminated from Eqs. (10), (13) 
and (14) and an expression obtained containing y 
alone. Steady-state conditions are assumed. 


Op SeAxe / po 
Ox S,Ax p 


1 
(1+.$2/S1)+7(1 — P) (wpe /R’) 
If the assumptions are made that, 
p2>p and (1—P)*(wp2'R’)*>1 ~~ (16) 


and if the volume is allowed to shrink infinitesi- 
mally small, we can remove the bars from the 
pressure and velocity symbols and then 


Op So 
-- =R'(1+ “Ya 
Ox Si 


R”?(14+S2/S8,)" 
+ jap + (17) 
(1—P)w* pps 
or 
—dp/dx= Ryut+ jwpin, (18) 
where 


R,=R' (1+ S2/S1), 


p= o( 1+ 


Wave equation 


R?(14+S2 =") 


(1—P)w*ppe 


On combining the force Eq. (18) with the 
continuity equation (8) the wave equation for 
the one-dimensional case is obtained. 


Op (JwRi—w"p1) 


III. DERIVATION OF IMPEDANCE FUNCTIONS 


A solution to (19) in one dimension is, 


p=2A,e'*'-¥ cosh E 


where 


y=—3l1n(P,/P_). 


P-p, (19) 
Ox? picr 
where ¢;2= po/ p1. 
Ww R, A 
(: —j ‘p) +4), (20) 
C1 piw 
(21) 
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bo 
wm 
— 


(13), P..and P_ are the complex amplitudes of the forward and backward traveling waves, respectively. 
Ing 4 From the force equation we find the normal component of particle velocity u and taking the ratio 
of p to u we arrive at the equation for the surface impedance Zu. 
: picy Ri 2 @ Ri ; 
Za=——{ 1—7;— } coth!; 1-—j =} VP d+yi. (22) 
\ P pPiw C1 piw 
(15) The boundary conditions determine the value of y. The constants are as follows: 
w=angular frequency 
pi=etfective density of the gas particles in the material 
C1= (Po pi)? 
(16) po=static atmospheric pressure 
R,=specific dynamic frictional resistance 
7 P=porosity = V./V, 
Itesi- , ait : 
1 the J=N , , 
d=thickness of material. 
Rigid wall backing, normal incidence R L 
At x=, u=\(: So Zv= wD. (23) 
Z4 2 c 
Inspection of (22) shows that ~y=0 if (23) is true. 
" S his case Rigid 
(17) So for this cas wai 
pili Ri ; r wr/P R : — 
Za= (1-3 -} coth] 7 (1-1 ) dj. (24) 
(18) \ P piw C} piw Fic. 3. 
Expansion of the hyperbolic cotangent into a power series gives an approximate formula which is 
valid at the lower frequencies, 
: Rid : pic wd p; i 
Z.=—-—j( —-—). (25) i 
3 wPd 3 
| as \ 
his formula may be represented by an equivalent series circuit having the element sizes following : i: 
the R=R.d/3, L=p,d/3, c=Pd/ pic. (26) i 
| for ; a i 
Airspace behind material, normal incidence 
The impedance at x=0 of an airspace of depth / has been derived 
( ‘ ° ~ 
(19) Z= pe coth (jl ‘c). (27) 
From (22), at x=0, R Re tL Le 
(jl) pici Ri : Z4 I 1 
pc coth —— =— l—j cothy, (28) Cs] le 
c /P pw 
or 
J(wl) 
coth ~ 
‘ai pc c i 
(20) ¥Y=coth"™ VP: — ; (29) ta 
1 <><» 
prey ( ; ; R, ) P d 2 
74) pier Sag : 
(21) P1w Fic. 4. 
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At low frequencies this can be approximated 


Substituting this in the approximate form of (22) gives 


R,d Ripic;"l f pid prcyl 1 ‘ 
Rena WE fn “ 
3 3pc?P 3 3Ppc Pd l 
5 eee 
pic” pc* 


This can be represented by an equivalent electrical circuit, where R, L, and C were given in (26) and 





Le eeccest Co= Pr, (31) 


Rigid wall backing, arbitrary incidence 


Divide space into two media; medium I being air, medium II 
being the material. It is safe to assume that the angle of in- 
cidence will equal the angle of reflection and that Snell’s laws 
hold, i.e., 


sin 6,/c=sin 69/Co, (32) 
where 6; is the angle of incidence, 62 is the angle of refraction and 
C2 is the phase velocity of propagation in medium II. If S is the 


path along which the beam is propagated in medium II, then 


S=x cos 6.+y sin 0., —S=—x cos 6o.+y sin 4. (33) 





pe and ue can be solved for from the wave equation and their d 
ratio taken. Fic. 5. 
me if ; 
_ pe piw 4 p@ Ri\? 
Z,=—=-- ———— coth] j,/P- ( — j—— } cos Oox+y2 |, (34) 
i» \/P cos 62 Cy pw , 
where y2 will be determined by boundary conditions and will equal zero for rigid wall backing. 
By substituting the boundary conditions that p= p2 at x= —d, it is found that 
Cy ae 
C. = -——-—_—_—_ (35) 


and from (32) 


Co" , 
cos 4.= (: sad a) ; (36) 
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o (34) becomes 


Ri\3 
(4) 
PiW ® Co" 4 
Za= mer eet eT E “a(s —— sin? a) (37) 
, ce , Co Cc 
\ P(1 —— sin? a) 
c2 
or approximately 
(30) _ Rid ‘s wile 
Za=—— j| prc nisin eibeagaaln’ (38) 
$ C2" 3 
wPa( 1 —— sin? a) 
Cc 
) and 


If 6:=90° and R; is not too small, then approximately, 


(31) : Rd ‘Pr fprcr wdpy 
Z4+(- a -i( epee) (39) 
3 ¢@ 2p Rid wPd 3 


It appears that the only important change in impedance as 4, 
varies from 0 to 90° is in the value of the real term of Za. Eq. 
(39) should be compared with (25). 


Spaced-out material. Arbitrary angle of incidence 


It is known that 


P Po pc w 
: Z)=—= —coth (i —lcos os), (40) 


uy cos 0; 








Cc 
also at x= —d 
Ri ; 
=0 pri( 1 -j—) . 
7 piw wr/P i | 
) Teen corn] “a(1-5—) (1-5 sin a) +¥,| (41) 
: ce , c piw 
\ P(1 ie a) 
e 
and 
Ri ; 
prei( 1 -i-) 
pw pc w 
(34) —_———_—_—_——— coth ¥: = —— coth (1 cos us) (42) 
Co" 4 cos A; c 
\ P(1 — 3 sin? ws) 
cing. c 
or 
C2 : ® 
(:- — sin? *) \/ P(—j) cot (=cos a) 43) 
‘ pc Cc c ‘ ( 
(35) sng hoi ienceeagsicis ‘ ee. 
pci Ry cos 4; 
(8) 
pw 
As cos 6:0, ¥2—0. 
(36) Hence it appears that the impedance is independent of backing depth for the case when 6; 


approaches 90°. 
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FLOW RESISTANCE 


Fic. 7. Apparatus for measuring the flow resistance of acoustical materials (after Morse, Bolt and Brown). Ry equals the 
pressure across the sample divided by the average particle velocity through it. 


IV. APPARATUS 


Morse, Bolt, and Brown? described a method 
for measuring flow resistance which makes use 
of a water manometer (ordinary draft gage with 
scale 0 to 0.5 inches of water) for measuring 
pressure difference across the sample while a 
constant rate of flow of air is maintained through 
the sample. Their apparatus is shown in Fig. 7 
and they state, ‘‘The air flow is furnished by 
siphoning water at a known rate from a con- 
tainer mounted several feet above a control 
valve and outlet; air drawn into the container 
first passes through the porous material.” By 
this method the flow resistance is, 


R;=(pA)/(N/t)=R’d, (44) 
where p is the pressure in dynes per square cm, 
and V is the volume of air in cm* drawn through 
the sample of area A cm* in the time ¢ seconds. 


— Morse, Bolt, and Brown, Paper No. 31, Twenty- 
Fourth Meeting of the A. S. A., Chicago, Illinois, Novem- 
ber, 1940. 


R’ is the specific flow resistance and is identical 
to the R’ used in the theory above. 

To measure the porosity P a simple apparatus 
such as shown in Fig. 8 may be used. The 
acoustical material of volume V; is contained in 
a rigid chamber of volume V. The ambient 
temperature is held constant. Initially, the stop- 
cock is opened and the height / of the water in 
the two sides of the U manometer observed. 
Then the stopcock is closed and one side of the 
manometer elevated until the levels have changed 
from h to hy and hy, respectively. The pressure 
change Apo in cm of water equals 42—/, and 
the reduction of volume of air AV, in the chamber 
equals (h;—h)S, where S is the area of cross 
section of the connecting tube. The heights h 
and h, are observed for accuracy by a cathetom- 
eter while hg—h may be read accurately enough 
on a graduated scale. The porosity is given by 

bo AVa V 


p=— —+1- 


(45) 
Vi Apo Vi 


tals the 


tical 


iratus 
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coasts 








Fic. 8. Apparatus for measuring the porosity of acoustical materials (Beranek). 


aa 


where po is atmospheric pressure and equals effective mass pi, except by measuring P, R’ and 
approximately 1035 cm of water. Z/pc and solving for p: from (24). It appears 
No method is now available for measuring the from the theory and from measurement that p; is 


TABLE I. Data on acoustic materials. 








Cross section: Thickness: Weight: Flow resistance Dynamic 

Name of sample cm? cm zg P R ‘pc units R/ pc 
Celotex OT Duct Liner No. 1 43.6 2.45 33.01 0.89 18.8 
Celotex QT Duct Liner No. 2 43.6 2.48 31.70 0.91 17.6 10.0 
Celotex QT Duct Liner No. 5 43.6 2.45 27.86 0.91 14.5 
J. M. Acoustex (Fibretex) 43.6 2.39 47.52 0.75 ia 4.5 
J. M. Permacoustic 43.6 2.54 41.96 0.875 15.2 12.0 
Fiberglas FP Insul. Bd. No. 5 42.2 2.53 16.84 0.95 1.5 
Fiberglas FP Insul. Bd. No. 16 42.2 2.50 19.61 0.94 1.8 1.8 
Fiberglas FP Insul. Bd. No. 17 42.2 2.50 17.30 0.95 1.9 
J. M. Sanacoustic Pad 43.6 2.70 20.11 0.94 5.4 6.0 
USG Quietone 43.6 2.61 15.17 0.93 13.9 10.0 
J. M. Studio Element 43.6 2.46 24.34 0.93 13.6 12.0 
USG Perfatone Pad 43.6 2.88 19.14 0.96 Lo 5.2 
J. M. Spongacoustic 43.6 1.76 37.46 0.81 4.5 6.0 
Kapok 43.6 2.54 0.99 0.5 0.5 
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Fic. 9. Comparison between data on surface impedance of three-inch samples as obtained in impedance tube with calcu- 
lations of surface impedance based on measurements of R’ and P. 


sometimes equal to p, the density of air. Z/pc 
was measured by the apparatus described in an 
earlier paper.* Only the three-inch diameter 
tube was used, hence the measurements were 
stopped at 200 cycles. In a few cases the meas- 
urements were stopped at lower frequencies be- 
cause the absorption approached such high values 
that no well-defined resonance peak was obtained 
for analysis. It is believed that the data are suffi- 
ciently accurate to be used in confirming the va- 
lidity of the theory in the frequency range below 
2000 c.p.s. 


V. EXPERIMENTAL RESULTS 


Measurement of P and R,/pc 


The porosity and flow resistance of 10 different 
materials were measured by the two methods 
described above. These results are tabulated in 
Table I. The porosity is seen to vary from 0.75 

to 0.99 ; the most probable value being about 0.9. 





3 L. Beranek, J. Acous. Soc. Am. 12, 3 (1940). 


The flow resistances R;/pc vary from 0.5 to 20 
and are to be compared with the dynamically 
measured (impedance tube) values given in the 
adjacent column. The agreement is seen not to 
be too good and this condition probably obtains 
because the materials are not isotropic. All of 
the impedance tube measurements were made 
with the samples rigidly backed. Frequently the 
samples are manufactured with a slight film or 
crust over one or both of the faces. This boundary 
layer will usually have higher flow resistance than 
an equivalent thickness in the center of the 
sample. Obviously if the encrusted side is placed 
against the rigid wall backing there will be 
almost no particle motion through it and hence 
its presence will not be observed in the Z/pc 
measurements. If, however, the encrusted layer 
is on the source side of the material an effective 
increase in R/pc will be measured. This is seen 
from Eq. (30). In one case the dynamic resistance 
will be lower than that measured by direct air 
flow, in the other higher. Careful attention must 
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be paid to deviations from non-uniformity of the 
sample if the simple theory described above is to 
hold exactly. 


Computation of Z/pc 


Computations of Z ‘ec for four different ma- 
terials are shown in Figs. 9 to 12. In all of these 
figures it is assumed that p= p,; in other words, 
that the motion of the solid particles is small 
compared to the motion of the air particles. 
Also, in all the figures it is assumed in the com- 
putation that isothermal expansions take place 
instead of adiabatic, i.e., that c:=c/1.18. 

The simple theory (Eq. 24) does not seem to 
fit all cases well. Insufficient time has prevented 
the taking of data and the preparation of com- 
putations on structures specially designed to 
emphasize certain features of the theory. Con- 
trolled measurements might lead to a_ better 
understanding of the variations of Ri, pi, and c; 
in different samples. A more complete theory 
taking into account the heat capacity and 
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thermal conductivity of the material may be 
in order. 


Attenuation of sound in rectangular ducts 


In an effort to determine the magnitude of 
variation of acoustic impedance with angle of 
incidence, measurements were made on _ the 
attenuation of sound in a rectangular duct 
8.25 X 12.25 inches in cross section. The duct was 
eight feet long and was terminated in a highly 
absorbing termination so that very little evidence 
of standing waves was found at frequencies 
above 200 c.p.s. Four different materials were 
used. The surface impedances of these samples 
were measured in the three-inch acoustic im- 
pedance tube and used in computing*® the 
attenuation of sound in the ducts. Comparisons 
of the data and computations are made in 
Table II and Fig. 13. The agreement is good in 
two cases, but is only fair in others. At low 





*P. M. Morse, J. Acous. Soc. Am. 11, 205 (1939). 
5L. L. Beranek, J. Acous. Soc. Am. 12, 228, (1940). 
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Fic. 10. See caption under Fig. 9. 
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Fic. 11. See caption under Fig. 9. 
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Fic. 12. See caption under Fig. 9. 
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Fic. 13. Measurements on the attenuation of sound along a 8.25 X 12.25-inch cross-section duct. The 
dotted curve represents calculations of attenuation based on data taken on small samples in an acoustic 


impedance tube. 


frequencies the predictions of attenuation are 
low because of radiation through the sides of 
the duct. The attenuation computed through the 
use of absorption coefficients® is also given in 
Fig. 13. It is seen that the acoustic impedance 


6 Hale J. Sabine, J. Acous. Soc. Am. 12, 53 (1940). 


and the absorption coefficient methods of pre- 
dicting attenuation are about equally successful. 
In a previous paper® the surface impedance of a 
rigid rockwool duct liner was computed from the 
attenuation constants measured in six different 
sized rectangular ducts using the theory of 
Morse.* The impedance thus measured is that for 


TABLE II. Attenuation in decibels per foot, rectangular duct, 8X11 inches. 


Fibreglass 





Permacoustic Celotex C-4 Fibretex P. F. Insulating Board 
Calc From Calc From Calc. From Cale. From 
I a Z/ pc Meas. a Z/ pe Meas. a Z/pe Meas a Z/ pe Meas. 
100 6 2 0.3 0.6 Py Py 
200 | Pe 9 0.8 a 2 
300 ys 
500 3.1 0 4.9 2.2 8 1 
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Fic. 14. Calculations of acoustic impedance based on data taken in rectangular ducts. The small bars indicate 
actual impedance tube measurements made on six different samples of material taken from the ducts. 


near grazing incidence and is plotted in Fig. 14 
along with the measured normal incidence sur- 
face impedance. The chief variation seems to be 
in the reactance term. This is not in agreement 
with the result predicted by the approximate 
formula (39), namely that the variation of 
surface impedance with 6; is chiefly in the real 
component. Certainly the problem of variation 
of surface impedance needs more attention. It is 


hoped that the data in this paper will help to 
point the way for further work. 

The author wishes to express his deep apprecia- 
tion to Professors P. M. Morse and F. V. Hunt 
for their many comments and suggestions given 
during the progress of this work. Thanks are also 
due to Messrs. R. L. Wallace, W. S. Cramer and 
J. H. Reynolds for aid in obtaining the data and 
reading the manuscript. 
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An Acoustic Tube for Measuring the Sound Absorption Coefficients of Small Samples* 


D. P. Lovet ann R. L. MorGan 
Electrical Research Products Division of Western Electric Company, Inc., Los Angeles, California 
(Received October, 27, 1941) 


HE use of an acoustic tube for measuring 

the absorption coefficients of small samples 
of acoustical materials is not new, as H. O. Taylor 
first proposed the use of such an instrument in 
1913.1 In 1928 E. C. Wente and E. H. Bedell, 
of the Bell Telephone Laboratories, prepared a 
paper outlining three methods of determining 
acoustic impedance and absorption coefficients 
by the tube method.? In this paper they also 
described an acoustic tube which had been built 
at the Bell Telephone Laboratories and the 
results they obtained in the measurement of 
various types of acoustical material. 

In the tube method of measuring absorption 
coefficients, a metal tube is required, with walls 
thick enough to prevent their vibrating appre- 
ciably. The tube should be approximately as 
long as a half wave-length of the lowest frequency 
at which measurements are to be made. At one 
end of the tube, a simplification of which is 
described herein, is a sound generator, the 
position of which can be adjusted with respect 
to a sample of acoustical material which is 
placed at the other end. In making a measure- 
ment the sound generator is set to be a half 
wave-length away from the acoustical material 
so as to produce a standing wave within the tube. 
Under these conditions, sound from the generator 
travels down to the sample where a portion of 
the sound is reflected back to the other end of 
the tube. Inasmuch as the distance between 
the sample and the sound generator was adjusted 
to be a half wave-length of the test tone, the 
reflected wave will arrive back at the generator 
in phase and will re-enforce the sound wave 
being emitted from the generator and produce 
a pressure maximum at this point as well as at 
the opposite end of the tube. The sound pressure 
midway between the generator and the reflecting 

* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 

+ Now at Columbia University Division of National De- 
fense Research, New London, Connecticut. 

1H. O. Taylor, Phys. Rev. [2] 2, 270 (1913). 


?E. C. Wente and E. H. Bedell, Bell Sys. Tech. J. p. 1 
(1928), 


surface of the sample will be a minimum due to 
interference between the direct and reflected 
sound. Succeeding reflections between the 
generator and the sample will further increase 
the sound pressure at each end of the tube. 
The difference between the maximum and 
minimum pressures is a measure of the absorp- 
tion of the acoustical material. This measurement 
of the maximum and minimum pressures, by 
means of a small exploring tube coupled to a 
microphone, is one of the methods of determining 
absorption coefficients described in the Bell 
Laboratories article referred to above. 

Another method described in the same article 
involved first, measuring the maximum pressure 
at the sound generator, as in the previous 
method, and then adjusting the sound generator 
to a position (closer to the sample) from which 
the reflections arrive back at the generator to 
produce a minimum sound pressure there. The 
maximum pressure at the generator is the same 
for both methods but in the second, the difference 
in decibels between the maximum and minimum 
is twice as great as that obtained by the first 
method. In order to obtain adequate measure- 
ments by the second method, it is highly essential 
that the sound generator produce plain waves, 
that the oscillator and generator be free of 
harmonics and that the tube and associated 
equipment be located in a quiet room not 
subject to vibration or noise disturbances. 

This work described by Wente and Bedell 
indicates that useful results can be obtained by 
either method. The acoustic tube built by the 
Bell Telephone Laboratories however, is not as 
readily adapted to commercial measurements as 
it can be modified to be if the highest order of 
accuracy is not required. For instance, in using 
their tube, it is necessary that the samples be cut 
into circular disks to fit accurately on a movable 
piston which closes one end of the tube. In 
addition, careful adjustment of the position of 
the sample relative to the sound generator is 
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required to assure that the true maximum and 
minimum pressures are being read, particularly 
as the minimum varies considerably with a 
slight misplacement of the sample. Furthermore, 
as the minimum sound pressure is often of very 
low intensity, considerable care must be exercised 
to avoid noise and vibration disturbances which 
may obscure the reading. 

A modification of this latter method has been 
developed by the authors whereby only maxi- 
mum sound pressures are measured, thus avoid- 
ing the noise trouble so often experienced in the 
measurement of minimum pressures. This modi- 
fication became possible through the accumula- 
tion of considerable data covering many measure- 
ments by the second method, of materials having 
widely varying coefficients. Plotting these data 
as absorption coefficients vs. maximum pressures, 
with constant sound generator output, gave a 
curve agreeing well with theoretical considera- 
tions, which could be used for a new method of 
measurement. The theoretical relationship be- 
tween absorption coefficients and maximum 
pressures is the same for both the method 
described as for the laboratory method referred 
to above, which relationship is obtainable from 
the equations of Wente and Bedell. A }” steel 
plate, having an absorption coefficient sub- 
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Fic. 1. Acoustic tube 
with oscillator and sound 
meter. 


stantially constant at approximately 3 percent 
over the useful frequency range, was used as a 
reference standard. 

The acoustic tube described herein was 
developed to take advantage of this new method 
for making commercial measurements, where it 
is essential that the results be as readily ob- 
tainable as practicable. With many materials, 
results for comparative purposes can be obtained 
with this tube using samples less than 1’ square 
without cutting them into disks, thereby saving 
considerable time. 

Figure 1 shows a general view of this acoustic 
tube, together with an oscillator for supplying 
test frequencies to the generator and a sound 
meter to read the sound pressures in decibels. 
This model, which has a tube length adequate 
to measure down to 200 cycles, consists of a 
brass tube 33’ in diameter supported in a 
horizontal position by brackets as shown. In it 
slides a piston carrying at one end the sound 
generator, which produces waves that are 
essentially plain. A small sound pressure tube 
runs from a point on the piston face adjacent 
to the sound generator, through the piston to a 
pressure type microphone which is_ flexibly 
mounted on the other end of the piston. Figure 2 
shows the details of the piston, carrying the 
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sound generator and microphone. The piston, 
generator and microphone are moved as a unit 
through the large tube by means of a chain and 
sprocket controlled by a handwheel and the 
tuning length of the tube is indicated in cycles 
per second by a white pointer sliding along 
a frequency scale. The open end of the tube 
is equipped with a clamp arrangement to hold 
acoustical samples, as large as 1’ square, firmly 
over the end of the tube. The sample is held in 
place by means of a plate which forces it against 
the open end of the tube through the action of 
springs contained in the four hollow rods, which 
may be seen at the left in Fig. 1. 

With this acoustic tube, measurements by the 
new method are quite simple and involve only 
the determination of maximum sound pressures. 
Asteel plate is placed in the sample clamp and the 
tube tuned to a maximum, which is adjusted by 
means of the oscillator volume control to read an 
arbitrary value on the sound meter. The oscillator 
is then left at this output setting and the steel 
plate replaced by the unknown sample to be meas- 
ured. The tube is then again tuned to give a maxi- 
mum reading which will be less than the pre- 
vious maximum if the sample is a better sound 
absorber than the steel plate. Using the value 
of the maximum obtained with the unknown 


Fic, 2. Piston carrying 
sound generator and mi- 
crophone. 


sample, the absorption coefficient can be read 
directly from a curve relating absorption coeffi- 
cient to maximum sound pressure. 

When measurements are to be made on thick, 
porous samples in which a substantial portion 
of the incident sound may spread laterally 
through the material after emerging from the 
end of the tube, the sample is mounted in 
special wooden forms having a central hole of 
the same diameter as the tube. Disks of the 
sample are cut out and fitted into the holes in 
the forms which may be stacked to obtain a 
thickness equal to that of the sample. The 
forms with the sample in the central hole are 
then clamped on the end of the tube in the same 
way that other samples are handled. This 
arrangement in effect constitutes an extension 
of the tube in which circular samples of acoustical 
materials are placed. 

During the initial calibration of this model of 
the acoustic tube, measurements were made on 
samples of well-known commercial acoustical 
materials, the results of which could be readily 
reproduced. These results indicate that such a 
device is excellent for comparative measurements 
of one material against another of the same 
type, and that the accuracy is within com- 
mercial limits. 

In conclusion it should be pointed out that in 
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the tube method of measurement, the sound 
strikes the sample at normal incidence, instead 
of at all angles as it would in a reverberation 
chamber. Furthermore, clamping the sample 
over the end of the tube results in its vibrating 
in a different manner than it would in the 
reverberation chamber. Hence one would expect 
some variation 


between coefficients obtained 


with the acoustic tube and those obtained by 
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means of the reverberation chamber. In spite of 
this fact, however, the tube method of measure. 
ment has been found to give commercially 
acceptable results. For comparing the absorp. 
tivity of similar materials, the acoustic tube has 
been found to be invaluable, especially in cases 
where changes have been made in the composi- 
tion or structure of samples and the effect ‘of 
the change on the absorptivity is in question. 
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Properties of the Dulled Lacquer Cutting Stylus* 


C. J. LEBEL 
Audio Devices, Inc., New York, New York 


(Received November 14, 1941) 


The recent improvement in disk recording standards is emphasized. The combined cutting 
and burnishing action of a standard lacquer cutting stylus is explained. It is emphasized 
that cutting and burnishing take place simultaneously (in terms of wave-length) at low fre- 
quencies; but that at higher frequencies the two operations are separated by a discrete wave- 
length fraction; phase shift and attenuation result. These depend upon circumferential velocity, 
hence are worst at low rotational speed and small distance from the center of the record. The 
experimental study, therefore, is confined to 33} r.p.m. recordings at various diameters, and 
the recorded velocity as a function of frequency and diameter is determined for needles with 
different lengths of dulling. The effect of amount of dulling on surface noise is determined, 
and a technique for comparing the perfection of action of cutting and burnishing is given. 
It is emphasized that for modern quality standards the length of dulling must be restricted 
and that the resulting increase in surface noise is not of great importance. 


INTRODUCTION 


ITHIN the last few years fidelity standards 
in lateral disk recording have improved 
continuously. Coincident in time with a wide 
extension of the “instantaneous” (nitrocellulose 
lacquer) division of the field, the frequency 


range commonly recorded has increased between 
two- and threefold. Increasing numbers of fre- 
quency modulation stations are an indirect urge 
to still greater extension. 

Wider range lateral cutting heads have re- 
ceived attention from Hasbrouck,! Rodman and 
others; lacquer coating characteristics have been 
studied by the writer.2 There has been no 
modern study of the link between cutting head 
and coating—the cutting stylus—and indeed no 
published study at all. It has seemed appropriate 
to examine this minute but essential tool with 
attention to present-day conditions. 


THE STANDARD NEEDLE 


The standard cutting stylus for wax has a 
sharp edge, and if used to engrave lacquer 
coatings a thoroughly rough, gray, noisy groove 
results. To eliminate this an instantaneous 


cutting stylus has a burnishing surface added to 


_* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 
‘H. J. Hasbrouck, ‘Lateral disc recording for immediate 
playback,”’ Proc. I. R. E. 27, 184-188 (1939). 
?7C. J. LeBel, “Characteristics of an instantaneous 
recording disc,”’ J. A. T. E. 8, 6 (1941). 


polish the walls after the front edge has cut 
them. Figure 1 shows the standard needle en- 
larged a few fold, and reveals nothing of the 
finer details. 

Figure 2 shows the extreme tip several hundred 
times actual size, and the back edge may be 
seen quite clearly at the junction of the burnish- 
ing surface and the back surfaces. In effect we 
have dulled the edge slightly. This cannot be 
done as a hit or miss affair; for optimum results 
the angle and length of the dulling must be 
controlled. 

The optimum angle is considered to be 22 to 
25 degrees. Proper dulling length is the chief 
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Fic. 1. Cutting stylus under small magnification. 
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velocity this would make the effect (at a given 
es ~ tone frequency and disk rotational speed) de. 
pendent in part on the distance from the center 
of the record. 





THE COMPOSITE ACTION OF AN 
ACTUAL NEEDLE 





The cross section of an actual needle as shown 
Fic. 2. Cutting stylus extreme tip magnified in Fig. 4 reveals that the dulling is in NOwise 
several hundred times. parallel to the center line of the groove, hence 

the effect is more complex; actually both cutting 

problem. Manufacturers of needles know that at the front edge and embossing at the back edge. 
the greater the length, the smoother the re- At low frequencies the cutting edge and the 
sulting groove. On the other hand undesirable back edge are very close together in terms of 
effects of such an increase are not generally groove wave-length. We are a long ways from 
known. the cut-off point previously mentioned (if indeed 
The general relation that excessive length im- a complete cut-off exists with the actual needle 
pairs high frequency response has been known — shape) and the additional force needed because 
by a very few. This paper goes into the matter of the dulling is negligible by comparison with 














quantitatively. the inherent damping of the cutter. 
At high frequencies the cutting at the front 
GENERALIZED ACTION edge and the burnishing at the back edge of 


the dulling are considerably spaced (in terms of 


The relative motion of a cutting needle in 
groove wave-length), so that we have a phase 


.- lacquer may be considered as a vector quantity, 
with one component fixed and the other variable. 













The fixed component is the circumferential pisc Moves | 
motion. This may be neglected since the force veneedatin,. 
1 . . a J ae, ~ BURNISHING 
required is supplied by the turntable driving 4 SURFACE 







CUTTING EDGE 
/\|,7 BACK EDGE 


mechanism, and forms no first order part of the 
cutter head load. 

The variable component of course is the 
lateral motion, the power for which must be 
supplied by the cutting head. A brief inspection 
will show that the steeper the angle of cut the ieee: : i. saa 
more difficult. In the extreme case, the reductio . 


ad absurdum, the needle would be moving 








Fic. 3. Horizontal cross section of tip with 













laterally with great rapidity whilst moving modified dulling. 
forward at a snail’s pace—being the effect of a 

high frequency high lateral velocity cut. In that DISC MOVES | 

case it is fairly evident that if the dulling were raglan: 


*—___ BURNISHING 
SURFACE 


parallel to the center line of the groove as 
shown in Fig. 3, the motion would be greatly 
impeded. It is also evident that where the 
length of the dulling equaled the wave-length 
of the recorded groove, a cut-off point would be 
reached where the lacquer would be churned up 
but no appreciable wave motion would be 
recorded. Since the wave-length would depend 


on the circumferential or groove longitudinal 
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Fic. 4. Horizontal cross section of tip with normal dulling. 
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FREQUENCY—KILOCYCLES 


Fic. 6. Over-all recording characteristics at large diameter. 





RELATIVE RESPONSE—DB 
AT 1000 CYCLES 


DIAMETER-INCHES 


dulling. Fic. 7. 1000-cycle response at various diameters—stylus with average edge. 
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shift between the two effects. This implies an 
attenuation factor, for attenuation and phase 
shift usually accompany one another. On the 
other hand, at so high a frequency that the 
distance between cutting and dulling edges is 
one wave-length and a null effect seems probable, 
the burnishing should predominate over the 
cutting and instead of a null, at best a diminution 
should occur. 

It must further be remembered that increased 
loading of the stylus tip may or may not produce 
any effect on the groove lateral velocity, de- 
pending on the amount of damping of the 
cutter and on the compliance of the stylus shank. 
Up to a certain point there will be no attenua- 
tion; beyond that the response will decrease. 

This preliminary qualitative discussion has 
served to indicate the general nature of the 
effect, has shown also that it is too complex to 
respond to any simple quantitative analysis, and 
clearly indicates an experimental treatment. This 
was done. 

The wave-length of the recorded groove is a 
direct function of distance from the center, 
rotational speed, and an inverse function of 
frequency. Inevitably this points to 333 r.p.m. 
high frequency recording at small disk diameters 
as exhibiting the most extreme attenuation, and 
the tests were specially shaped to analyze this 
effect. 


METHOD oF TEST 


In order to approximate actual commercial 
conditions as closely as possible a widely used 
cutting head of the type described by Hasbrouck! 
was used. 
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RELATIVE RESPONSE—DB 
AT 1000 CYCLES 


DIAMETER-INCHES 


Fic. 8. 1000-cycle response at various diameters—comparison of average and excellent edges. 





LEBEL 


The block diagram of the electrical equipmen 
is shown in Fig. 5. The oscillator was of the 
resistance tuned type, with an output of low 
harmonic content. The amplifier used was an all 
triode unit, carefully adjusted to uniform fe. 
sponse +0.25 db from 30 to 12,000 cycles. The 
cutter had substantially but not completely 
uniform response up to 12,000 cycles. 

In running these tests all disks used were auto- 
matic machine coated during the same run, 
with the same batch of lacquer. This was done 
to avoid question and not because of necessity, 
Proper factory quality control can exert a strong 
stabilizing effect on the characteristics of properly 
formulated lacquer. In cutting grooves the same 
depth of cut was maintained with all styli, 
Sapphire styli used were selected from production 
and three with average edge quality, with 
dullings of 10, 14 and 23 microns were used. 
One of exceptionally good edge, with a 14-micron 
dulling was also used. The shank was of alu- 
minum alloy in all cases, and the over-all stylus 
length the standard 3 inch. 

The cutting head electrical input was chosen 
to produce a 1000-cycle peak velocity of about 
13 inches per second at 16 inches diameter. 
This is representative of the average level ona 
record. To check the effect of higher input a test 
was made at about 2? inches per second; results 
were not over 4 db better at any point, and 
were in no case worse. Tests at low velocity 
were deferred because of the difficulty of securing 
accurate pattern measurements under conditions 
of high attenuation, where the pattern width 
might be quite minute, but such an extended 
investigation is now in progress. 
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FREQUENCY—KILOCYCLES 


Fic. 9. Recorded velocity—stylus with average edge. 
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Fic. 10. Recorded velocity—comparison of average and excellent edges. 


The initial test was to determine a mode of 
input variation schedule which under inter- 
mediate conditions would produce a constant 
velocity recording at all frequencies up to 10,000 
cycles, with a slight drop to 12,000 cycles. This 
corresponds in its general effect to modern tran- 
scription recording, wherein the decrease in energy 
content with increase of frequency, characteristic 
of average program content, is substantially 
nullified by the pre-emphasis equalization used. 


A needle with 14 micron dulling was used, and 
a series of cuts were made near the outside of 
a 16” disk at 334 r.p.m., with constant volume 
indicator reading and variable frequency. By the 
optical pattern of Buchman and Meyer the 
relative velocities were determined and the 
proper variation schedule computed, for sub- 
stantially constant velocity results. 

On each disk a series of cuts were taken at 
various frequencies and diameters and the re- 
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11. Attenuation as a function of wave-length. 
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Fic. 12. Circuit used in surface noise tests. 


sulting optical pattern widths were plotted after 
conversion to a velocity basis. By interpolation 
the results at any specific diameter could be 
determined. 

Results at 16-inch diameter are given by 
Fig. 6 and can be seen to be uniform within 
3 decibel to 9500 cycles. Above that point the 
over-all difference is quite appreciable. 

In all cases our interest is in the variation 
with respect to the 1000-cycle value at the 
given diameter. Unfortunately this reference 
changes appreciably with diameter though the 
enlarged scale exaggerates the effect somewhat in 
Figs. 7 and 8. 

To isolate diameter effect and disregard initial 
differences the data of Fig. 6—the 16-inch 
results—were subtracted from subsequent meas- 
urements on that stylus, and the results are 
given in Fig. 9. The irregularities, especially the 
reverse curvature so evident in the 23-micron 


curve at 7 inches, are not experimental error for 
they were noticed repeatedly in previous tests. 
A similar study in Fig. 10 shows the improved 
performance of a superfine edge. 

From Figs. 9 and 10 it can be seen that to 
hold needle loss to 1 db at 8000 cycles down to 
8 inches diameter it will be necessary to restrict 
the dulling to 10 microns with an average needle 





Fic. 13. Variation of surface noise with diameter. 





or for 
tests. 


roved 


at to 
vn to 
strict 
eedle 


DULLED LACQUEI 


~ 


RELATIVE NOISE-DECIBELS 


CUTTING STYLUS 


x VERY SPECIAL QUALITY 
e GOOD 
@ POOR 


DULLING LENGTH-MICRONS 


Fic. 14. Effect of dulling on surface noise. 
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Fic. 15. Circuit used in comparing cutting vibration and playback surface noise. 


and 12 or 13 microns with a really superior 
edge. Since any lapidary tends to put on as 
much as 25 microns whenever his laps are not 
operating correctly and the needles would other- 
wise produce a noisy result, and since such 
difficulties frequently reoccur, it is evident that 
rigorous quality control procedure is necessary. 
In spite of the fact that dulling is a hand opera- 
tion, it has been found possible to hold the 
length within a 13-micron range of variation 
quite successfully in production over a period of 
over a year. The chief obstacle to maintaining a 
10-micron upper limit lies in the greater care 
necessary to ensure a keen enough edge to 
produce a commercially quiet groove, and the 
resulting cost. A 10- to 12-micron range is 
feasible if demanded. 

If the diameter-dulling length-attenuation data 
are transformed to a wave-length basis the results 
correlate as shown in Fig. 11. Results from a 
given stylus check better than the group as a 
whole indicating that the result depends greatly 


on the cutter head characteristics (which are a 
function of frequency). 

Surface noise changes resulting from these 
alterations in dulling were determined by a 
large number of styli tested by playing back 
blank grooves with the circuit of Fig. 12. 

Surface noise when so measured varies with 
diameter and the resulting graph is similar to 
that of Fig. 13. Such a result does not lend itself 
to easy interpretation; a single value is preferable. 
This may be secured by two or three measure- 
ments in the diameter range 10 to 13 inches 
where the curve reaches a minimum. The lowest 
value may be taken as the true one. A stylus 
with good edge will give three readings which are 
practically alike; a poor one will give erratic 
results, seemingly having no definite reproducible 
noise level. In part this may be responsible for 
the scatter in the results. 

In the results of Fig. 14 there are areas (of 
which the lines are representative) because of 
the effect of the quality of the edge. Final 
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SMOOTH CUT 


lapping on the best needles is a hand operation, 
and edges differ considerably on successive styli. 
The lowest line represents an area characteristic 
of the very finest quality edge, achievable when 
everything is operating to perfection. 

It is interesting to observe that the poorer the 
quality of the cutting edge, the greater the 
effect of the dulling—as evidenced by a com- 
parison of the slope of top and bottom curves. 
(The quality references are to the quality of the 
batch tested, not to any specific needles.) The 
truly excellent styli are quiet with little dulling— 
a flawless edge requires little polishing actions to 
make a quiet groove. So an excellent stylus with 
10 microns dulling may be quieter than an 
average one with 15 microns. Such a caliber 
edge may be produced in quantity, though at 
not quite so low a cost as the material generally 
available. The difference in cost is negligible 
when broken down into cost per recorded disk. 

As a matter of fact the smoothness of the 
groove wall is a function of the quality of two 
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Fic. 16. Comparison of cutting vibration and playback surface noise. 





edges and a surface; the cutting edge, the 
embossing edge, and the surface of the dulling. 
The effect of cutting edge quality may be sepa- 
rated out by measuring the vibration produced 
by cutting a groove with the circuit of Fig. 15. 
Here the smoother the operation of cutting the 
less the stylus vibrates and the less voltage is 
produced by the cutting head, acting as a 
generator. The comparative roughness of cutting 
and playback may be studied by a plot of the 
form of Fig. 16. Since the results are comparative 
only the reference levels for the two axes are 
not the same. 

The results are shown in Fig. 16. There are 
two definite groups of results—group A, in 
which the cut is very smooth, testifying to a 
good cutting edge—and group B, equally quiet 
in playback, but not smooth cutting. This 
implies either a poor cutting edge, or poor dulling 


or both. The placing of the dividing line is 
entirely arbitrary. Other areas may be defined 
as well. 
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DULLED LACQUER 


Attempts to confirm this by microscopic 
methods have progressed very slowly due to the 
high magnification required, so that apparently 
we have an electrical method more powerful than 
optics in readily distinguishing fine detail. 

A study of the effect of coating softness is 
now underway. The results may be expected to 
be complex, because the resiliency of the material 
precludes a cleancut, definite cutting or burnish- 
ing action. 


CUTTING STYLUS 


(CONCLUSION 


It is evident that for the highest fidelity the 
dulling of a lacquer cutting stylus must be 
restricted, the amount depending on the fre- 
quency range and the amount of diameter effect 
which will be tolerated. The increase in surface 
noise resulting may be held to a negligible value 
by improved manufacturing technique, at some 
increase in cost. 
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A Large Radius Stylus for the Reproduction of Lateral Cut Phonograph Records? 
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The Crosley Corporation, Cincinnati, Ohio 
(Received November 22, 1941) 


HE primary function of a phonograph 

needle is to transmit the undulations of the 
groove to the generator with a minimum of 
change in wave form. An efficient transfer is also 
desired. In addition, it is important that the 
stylus itself does not conflict with the reproducer 
in generating acoustic output. And finally, the 
stylus should do its work with minimum wear 
of the record and itself. 

Previously, it has been thought most desirable 
to use as small a radius needle as possible and 
still maintain contact with the side walls. The 
theory has been that the modulations are of 
equal lateral amplitude throughout the groove. 
Therefore, it has been assumed that the needle 
fitting closest to the bottom would give the 
greatest high frequency output because it would 
penetrate furthest into the modulated groove. 

I have found that certain unexpected benefits 
can be obtained from the use of a large radius 
point which contacts only the upper side walls 
of the groove. 

Figure 1 shows an enlarged secticn through a 
standard record groove, 0.006 wide, having an 
included angle of 88° and a bottom radius of 
0.0022, with needle tips of 0.0023, 0.00275, and 
0.004 radius inserted. 


Fic. 1. 


* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Seciety of America in New York, October 24-25, 1941. 
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It will be observed that the area of contact 
for the 0.0023 radius needle is designated B. 
for the 0.00275 needle C and C’, and for the 
0.004 needle A and A’. It appears that a greater 
area of contact is afforded by the smaller radiys 
needle due to its fitting the bottom of the groove, 
However, it must be realized that the least 
irregularity or lack of symmetry of the groove 
would reduce its area of contact to even less 
than the 0.00275 needle. 

Figure 2 shows a fragmentary and enlarged 
plan view of a modulated record groove with a 
0.004 needle inserted. The modulations represent 
a sine wave of 7000 cycles as it would appear 
near the inside of a 78 r.p.m. standard record 
with a peak to peak amplitude of 0.0004. 
Obviously, the full amplitude cannot be traced 
by this radius point, and it would appear that 
increased amplitude could be obtained by de- 
creasing the radius of the needle, thereby 
dropping down into the groove. Not until the 
frequency is decreased to approximately 1500 
cycles—for a constant velocity recording—would 
the 0.004 needle fit entirely into the lateral 
modulations. 

Figure 3 is a graph showing the effect of tip 
radius on electrical output for a constant fre- 
quency of 5000 cycles with 0.0002 peak to peak 
amplitude, all other factors being kept identical. 
The increase of high frequency output results 
from the fact that high frequency modulations 
are not present in equal amplitudes throughout 
the depth of the groove and are less at the 
bottom. This is primarily attributable to three 
steps in the manufacture of records: 
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1. In the recording process, the surface tension 
of the wax allows a clean cut at the surface, but 
the bottom of the groove is formed by a com- 
bination of cutting and embossing, and is marred 
by the tailings that are forced out of the furrow. 

"2. In the process of making the stamper, the 
grooves are distorted by the chromium plating 
applied. This is caused by the fact that a heavier 
coating is obtained on the raised surface, which 
corresponds to the bottom of the record groove. 

3. In the pressing process, the raised portions 
of the stamper, which correspond to the bottom 
of the groove, are scratched, worn, and distorted 
by the squeezing of the biscuit material across 
the surface. 

Figure 4 is a graph of the acoustic radiation 
obtained with various tip radius needles, all 
other factors being unchanged. These curves 
were taken 12 inches away from the pick-up and 
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zero db corresponds to a sound level of approxi- 
mately 40 db above the zero level of 10~'* watt 
per sq. centimeter. Curve 30 is for a 200-cycle 
modulated groove and shows essentially the 
same output for 0.0023 and 0.004 tips, indi- 
cating like areas of contact with the groove. 
Curve 40, which is for a 7000-cycle modulation 
shows a reduction of 6 db in acoustic radiation 
for the 0.004 needle in respect to a standard 
needle. 

Figure 5 is a graph of the downward pressure 
required in ounces in tracking a 94-cycle modu- 
lated groove of 0.006 peak to peak amplitude, 
for various tip radius styli, other factors re- 
maining unchanged. The pressure was deter- 
mined by shifting the position of a counter- 
balance weight until, using an oscillograph, no 
irregularity could be observed in the wave form. 
The improved tracking of the large radius needle 
is attributed to the fact that, as heretofore ex- 
plained, it rides in a smoother portion of the 
groove. 

Figure 6 is a graph showing the signal to 
noise ratio, in respect to the number of times 
played, of a 4000-cycle modulated groove to an 
adjacent unmodulated groove. Two records 
pressed from the same stamper were played, by 
the same turntable, under identical conditions, 
except for the needle tip radius. The upper 
solid line curve shows the improved ratio ob- 
tained with a 0.004 needle. This is not the 
equivalent of the signal to noise ratio in the 
modulated groove. Measurements made of this 
ratio show that the large radius needle still has 
a superior signal to noise ratio at 500 playings. 
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Tracing Distortion in the Reproduction of Constant Amplitude Recordings 


Lupwic W. SEPMEYER 
University of California at Los Angeles, Los Angeles, California 
(Received November 22, 1941) 


N July, 1938 Pierce and Hunt! published a 

very noteworthy analysis of the distortion 
caused by finite stylus size in the reproduction of 
both lateral and vertical cut records. Their final 
results, presented in graphical form, have in- 
corporated in them, however, the characteristics 
of the conventional ‘‘constant velocity” re- 
cordings. That is to say, in recordings made by 
the ‘‘constant velocity” system, for a constant 
input to an ideal cutter, the amplitude of the 
groove modulation halves each time the fre- 
quency of the input is doubled. Conversely, to 
reproduce properly such a recording requires a 
reproducer the sensitivity of which increases 6 db 
per octave, on an amplitude basis. Therefore, it 
was necessary to multiply the amplitude of each 
harmonic term by its order to get its total effect 
in the output of the system. 

Owing to this inherent de-emphasis of high 
frequencies in recording and the consequent 
accentuation of the high frequency components 
of the background noise in reproduction, ‘‘con- 
stant amplitude” (c.a.) recording, wherein the 
groove modulation is a perfect oscillogram of the 
impressed signal, has been proposed,? and charac- 
teristics which might be called hybrids of the two 
systems are employed in the new transcriptions 
(RCA Orthacoustic and Columbia transcrip- 
tions) now being used by the major networks. 

In order that the tracing distortion character- 
istics inherent in constant amplitude recordings 
might be studied and compared with those of 
“constant velocity” (c.v.) recordings, the writer 
undertook the analysis of a large number of 
curves generated by a reproducer stylus in 
tracing a modulated record groove. The Chaffee 
nine-point analysis schedule,’ yielding harmonics 
up to the seventh, was used. Only the odd 
harmonics were calculated, since it has been 
shown! that lateral recordings, properly repro- 


1]. A. Pierce and F. V. Hunt, J. Acous. Soc. Am. 10, 14 
(1938). 

2A. W. Duffield, Communications 20, 13 (1940). 

3 EF. L. Chaffee, Rev. Sci. Inst. 7, 386 (1936). 


duced, exhibit push-pull characteristics, because 
of groove symmetry. 

Since this work was carried out and the 
original manuscript prepared, another paper 
(reference 7) has been published which treats the 
tracing problem in a purely analytical fashion, 
In this analysis it is shown that the single tone 
third harmonic distortion for lateral recordings, 
cut with 90° stylus, is given by the following 
equations: 

For the c.a. case, 


D3= 76 (ka: kr)? (1) 
and for the c.v. case, 
D3= #5 (ka-kr)?, (2) 


where a is the peak amplitude of groove modula- 
tion in inches, 7 is the tip radius of the repro- 
ducing stylus in inches and bk is given by 


k=2nf/V=f/RN, 


where R is equal to the radius of the groove in 
inches, f the frequency in cycles per second and NV 
is the turntable speed in revolutions per second 
and V is the record groove speed under the 
stylus in inches per second. The results given by 
Eq. (2) for the c.v. case are found to be one-half 








Fic. 1. Contours of constant percent third harmonic 
distortion for constant amplitude recording as a function of 
dimensionless constants ka and kr. 
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Fic. 2. Maximal peak energy distribution 
for A, female speech; B, male speech; C, 75- 
piece symphony orchestra; and D, character- 
istic assumed for purposes of calculation. 
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as large as those given in reference 1; this 
discrepancy results from the way in which the 
angle of the cutting stylus was introduced into 
the mathematical analysis, and a comparison of 
the two analyses indicates an apparent error in 
the introduction of this factor into Eq. (4) of 
reference 1. The results of the schedule analysis 
agree substantially with those of Eq. (1). 

In Fig. 1 are plotted contours of constant 
percentage third harmonic distortion as a func- 
tion of the dimensionless constants, ka and kr. 
For the sake of simplicity, only the third 
harmonic was considered in the final results. 
However, the mathematical analysis of reference 
7 was extended to evaluate the fifth harmonic 
and in the limiting case where the minimal radius 
of curvature of the modulation is equal to the 
radius of curvature of the reproducer stylus tip, 
i.e., Ra=1/kr, the fifth harmonic is found to be 
1.56 percent. Also, for this condition the reduc- 
tion in fundamental is 6.25 percent or six tenths 
of a decibel. 

Comparison of Eqs. (1) and (2) shows that for 
a given amplitude of groove modulation and the 
same conditions of modulating frequency, groove 
speed and stylus tip radius, the distortion in 
constant amplitude recording is only one-third 
of the value which would obtain for constant 
velocity recording. It is also evident that in 
constant amplitude recording, for a given groove 
speed, k, and hence ka and kr, vary directly as the 
frequency, and hence, each time the frequency 
doubles the distortion increases sixteen-fold; 
whereas in the constant velocity case each time 
the frequency doubles the amplitude halves and 
hence ka remains constant and the distortion 
increases as the square of the frequency. 

In order to evaluate better the relative merits 
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of the two systems of recording, curves were 
drawn assuming an amplitude vs. frequency 
distribution as shown in Fig. 2. In this figure are 
shown the maximal peak energy distribution for 
a 75-piece symphony orchestra as given by 
Fletcher,‘ the peak energy distribution for speech 
as given by the latest work of Dunn and White® 
and the distribution assumed for purposes of 
calculation. It will be noted that cognizance is 
taken of the difference between total unfiltered 
peak power and the peak power of the individual 
components. It is assumed that speech will be 
recorded at a level at least 4 db lower than music 
so as to fit under the assumed spectrum boundary. 
The results of the- distortion analysis for 33} 
r.p.m. recordings and Columbia transcriptions 
and RCA Orthacoustic recordings are shown in 
Figs. 3 and 4. A peak recorded amplitude of 0.316 
mil is assumed for the constant amplitude case 
and 1.5 mils at 500 cycles for the other cases. 
The use of the chart is as follows: First choose 
the radius and the frequency at which the 
distortion is to be calculated. Next select some 
given record radius for which it is desired to find 
the variation of distortion with frequency for the 
spectral distribution chosen. A good starting 
point for the analysis is at 1000 cycles, as a quick 
inspection shows that below this frequency & is 
small and the distortion will be negligible. The 
first step will be to put these chosen values of f, 
R, and N into the formula for & and find its value. 
Next it is necessary to know the tip radius of the 
reproducer stylus, (usually 0.0025’), and the 
peak amplitude of groove modulation in inches 


‘H. Fletcher, J. Acous. Soc. Am. 3, Supp. (1931) and 
Bell Sys. Tech. J. 10, 347 (1931). 

5H. K. Dunn and S. D. White, J. Acous. Soc. Am. 11, 
278 (1940). 
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and for these values calculate ka and kr. These 
values are the coordinates of a point on the ka, kr 
field, and having located the point the distortion 
can be read off by noting its position relative to 
the distortion contours near the point. 

It will be noted that if k alone changes (a and r 
remain fixed) the effect is to move along a 45° 
line extending from the lower left to the upper 
right, and it will be noted that for most of the 
field, doubling k produces a 16-fold increase in 


% 3rd, HARMONIC 
DISTORTION 





FREQUENCY KC 


Fic. 3. Peak third harmonic distortion as a function of 
frequency. Curve A,c.a., 0.316-mil max. amplitude, 2.5-mil 
stylus. Curve B, same except 1-mil stylus. Curve C, c.v., 
1.5-mil max. amplitude, 2.5-mil stylus. 33} r.p.m. 4” 
radius. 


distortion. Returning again to the original 
problem, the 1000 cycle distortion point had been 
located and it will be noted from the original 
assumptions that f is the independent variable 
and ais going to vary according to Fig. 2. Looking 
at Fig. 2 it will be seen that a is constant up to 
2000 cycles and then halves each time f is doubled 
(falls off 6 db per octave). Therefore, to find the 
distortion at 2000 cycles merely go up along a 45° 
line through the 1000-cycle point to a point where 
ka and kr are double the original value and note 
the distortion. For values of f larger than 2000 
cycles ka will remain constant since a decreases as 
fast as f increases, so the locus of these points is a 
horizontal line through our 2000-cycle point. 
Hence it is only necessary to find kr for these 
frequencies above 2000 cycles and note the 
distortion along this horizontal line for these 
values of kr. 

It will be noted from Figs. 3 and 4 that for the 
inner diameters of records, i.e., large values of k, 
the distortions become intolerably large. At this 
time it is well to point out that for all points in 
the ka, kr plane of Fig. 1, lying above and to the 
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right of the heavy 6.25 percent distortion contoyr 
for which ka=1/kr, the curve traced out by the 
reproducing stylus comes to a cusp, i.e., the 
stylus radius is equal to or is greater than the 
minimal radius of curvature of the groove undula. 
tions and hence any values of amplitude which 
result in this condition should be avoided. It js 
easy to see that such a wave form produced in 
reproduction is far from being similar to the 
recorded wave form and will undoubtedly be 
very unpleasant to the ear. 

It should be pointed out that any practice of 
equalizing, involving the raising of the highs 
during recording® so as to “bring up the highs on 
the inside of the record during reproduction,” 
without at the same time very markedly de- 
creasing the recorded amplitude, is a fallacious 
step; as the only accomplishment is to present the 
reproducing stylus with undulations which it is 
less able to follow than if left unequalized; thus 
creating more distortion and less fundamental 
than would have existed originally. Tests have 
been made in which better results were obtained 
by lowering rather than raising the amplitude 
near the inside of the record. 

Even though the harmonics may be above the 
range of reproduction, because of the consequent 
large and less desirable modulation products, the 
third harmonic limit should be held to a very low 
value. Therefore, in order to reduce the dis- 
tortion to acceptable limits, three possible 
changes can be made: (1) lower the recorded 
amplitude, (2) increase the record speed, or 
(3) decrease the size of the reproducer stylus. 
Any further lowering of the recorded amplitude 
results in a reduction of the signal to noise ratio 
and hence is undesirable. Increasing the record 
speed entails practical complications besides 
lowering the playing time. This leaves as the only 
alternative, the reduction of the size of the 
reproducer stylus. After microscopic examination 
of stylus tips and modulated grooves one realizes 
that a 2.5-mil reproducer stylus has little chance 
of following the steep undulations present on the 
inner grooves of recordings. Since the present 
radius of 2.5 mils was based on the now outmoded 
principle of grinding the needle to fit the groove, 
there seems to be no logical reason for maintaining 


6 Such as G. Saliba, Communications 18 (1938). 
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TRACING DISTORTION IN CONSTANT 


it as a modern standard. Hence on Figs. 3 and 4 
there is plotted, also, the distortion resulting 
from the use of a 1-mil stylus tip radius in the 
reproducing of constant amplitude recordings. 

A similar, but not exactly parallel situation, 
is encountered in the case of scanning distortion 
in sound film reproduction. Several years ago the 
film industry reduced the size of scanning slits in 
film reproducers in order to reduce the distortion 
arising from this cause. 

Apropos to this discussion, attention is called 
to the fact that when frequency records are used 
to check pick-ups care should be exercised to be 
sure that the pick-up stylus can trace the groove. 
That is, no stylus can trace a fully modulated 
groove at the higher frequencies in either type of 
recording. 

The use of a 1-mil reproducer stylus tip radius 
would, of course, require a smaller radius of 
curvature on the recording stylus, say 0.75+0.05 
mil. It is absolutely essential for proper groove 
tracing that the reproducer stylus ride the side walls 
of the groove. Thus, present reproducer styli could 
be used for playing records cut with a sharper 
stylus, but the 1-mil reproducer stylus could not 
be used for playing present records. 

In order to check the distortion contours of 
Fig. 1 some distortion and cross modulation 
measurements were made with the cooperation of 
Mr. Chester Boggs of the Columbia Recording 
Corp. A General Radio 736A wave analyzer and 
both Western Electric 9A and Brush PL50 
reproducers were used in the investigation. Fre- 
quencies of 500, 1000, and 3000 cycles were 
recorded at levels and record radii so as to lie 
within the one to five percent distortion range. The 
theoretically predicted distortion was checked 
within the limits of the accuracy of measurement 
of the recorded amplitude. 

Cross modulation products of high and low 
frequencies were found to be negligible. However, 
a closer examination of the situation reveals that 
in the tracing distortion problem each individual 
recorded component has its own characteristic 
curve contrasted with the case of the vacuum 
tube where all components work on the same 
characteristic curve. Thus, for serious intermodu- 
lation to occur the components involved must 
each fulfill a condition for appreciable harmonic 
distortion. Hence, a rather severe test was made 








AMPLITUDE RECORDINGS 279 


by recording at 4)” radius 3900 and 4100 cycles, 
each with an amplitude of approximately % of a 
mil. The 200 cycle modulation products were 
found to be over 40 percent. 

Considerable difficulty was experienced in 
making these measurements due to the rather 
large amount of amplitude modulation and 
flutter, or rapid frequency modulation, which 
was present in the reproduction. The effect was 
directly proportional to frequency which is 
natural with a 5-cycle pass-band analyzer. 

It was noticed that these effects were in step 
with the unevenness of the recording surface. It 
was also noticed that in spite of an advance ball 
close to the recording stylus the unevenness 
caused some change in the depth of cut. This 
unevenness causes a change in the linear speed 
under the stylus, thus giving rise to the flutter. 

Another disturbing condition noticed was that 
there was a considerable amount of second 
harmonic present, as much, or more than the 
third harmonic. This can be explained easily on 
the basis that the angle each groove sidewall 
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Fic. 4. Peak third harmonic distortion as a function of 
frequency for Columbia transcription and RCA Ortha- 
coustic recordings. Curve A, R=4"—2.5-mil stylus. Curve 
B, R=4’’—1-mil stylus. Curve C, R=7}/’—2.5-mil stylus. 
334 r.p.m. 1.5-mil peak recorded amplitude. 


makes with a plane through the axis of the 
reproducer stylus enters into the equation of 
motion’ of the stylus. If perfect symmetry does 
not obtain, either due to the stylus itself or to 
wabble of the record plane, an unbalance and 
consequent presence of even harmonics will 
result; thus causing, in the case of surface 
unevenness, an amplitude modulation of the 
fundamental and all harmonics. 


7W. D. Lewis and F. V. Hunt, J. Acous. Soc. Am. 12, 348 
(1941). 
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CONCLUSIONS 


1. From the results presented above it is seen 
that an improvement in peak distortion in the 
mid-frequency range is to be gained with con- 
stant amplitude recording, even with the large 
reproducing stylii used at the present time. 

2. A smaller reproducing stylus is a definite 
requirement for high quality, high fidelity, record 
reproduction. 

3. To avoid excessive distortion at high fre- 
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quencies and low groove velocities, large recorded 
amplitudes must be avoided. 

4. By the use of constant amplitude recording, 
improvement in signal to noise ratio is obtained, 
and when excessive amplitudes are avoided the 
distortion remains within acceptable limits. 

5. If lacquer materials are to be used for master 
records, and excessive flutter and its consequent 
fuzzy reproduction are to be avoided, steps must 
be taken to insure a perfectly flat record surface, 
perhaps by using a plate glass backing material, 
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A Noise and Wear Reducing Phonograph Reproducer with Controlled Response* 


F. H. GOLDSMITH 
Webster Electric Company, Racine, Wisconsin 


(Received November 14, 1941) 


HE reproducer herein described was de- 

veloped in an endeavor to afford an im- 
provement in the quality of reproduction of 
radio-phonograph combinations used in the 
home. While several alternate systems were 
developed, only the one described has been 
produced in commercial quantities and the ad- 
vantages that are claimed in its performance are 
thought to be sufficiently interesting to warrant 
further consideration. While there are several 
limitations in the device in its present form, it is 
suggested that, within its range, the reproducer 
affords considerable improvement over existing 
commercial designs. It should be noted that the 
majority of radio-phonographs sold today are 
not wide range systems. A useful response above 
4500 cycles is rarely encountered. This is not 
by accident or because reproducers of extended 
range are not commercially available. 

Why one phonograph sounds better than 
another the average user neither knows nor 
cares, but his criticisms of quality and sugges- 
tions for improvement are of ultimate import- 
ance. They can be divided into five general 
classifications. 

First, it should be possible to play records at 
low volumes without the annoyance of ‘“‘needle 
noise.” 

Second, tone quality should be improved. 

Third, records should last longer; needles 
should last longer. 

Fourth, record scratch should be reduced. 

Fifth, loud passages in music should not sound 
distorted. This criticism was found to be general, 
many users complaining that most radio-phono- 
graphs would play records of solo instruments or 
selections of low volume with reasonable satis- 
faction but when loud passages occurred, par- 
ticularly in symphonic recordings, the music 
literally “‘fell to pieces.” 

With the foregoing criticisms in mind, a 
reproducer has been designed which affords a 


_* Presented at the Twenty-Sixth Meeting of the Acous- 
tical Society of America in New York, October 24-25, 1941. 


281 


major improvement of each of these points. 
Figure 1 is a cut-away view of the reproducer 
with its replaceable needle. It is a commercial 
type of crystal pick-up consisting of a torque- 
type Rochelle salt crystal element clamped at 
one end between resilient pads and having 
attached to the free end a zinc die cast needle 
chuck with a 30-degree needle arm. 

Figure 2 is a cut-away view of the needle con- 
sisting of a shaft riveted to a flexible spring 
type stylus arm which supports a _ sapphire 
stylus. The stylus arm is formed at two angles, 
so that the stylus point engages the record at 
approximately 12 degrees when the reproducer 
arm is parallel to the record. This is necessary to 
compensate for the change in arm position on 
the stack-type record changers now in general 
use. 

The stylus arm is die formed of beryllium 
copper in a semi-annealed state and subsequently 
heat treated. It is 0.005 of an inch thick and 3/64 
of an inch wide at the tip and has a length of 
slightly less than 1/4 of an inch. The arm is so 
shaped that a portion extending behind the 
shaft acts as a bumper so that if the pick-up is 
accidently dropped the stylus retracts and the 
bumper absorbs the shock. The degree of this 
protection is virtually complete and has a further 
function of limiting the vertical excursion of the 
stylus arm in order to keep it well within the 
elastic limit of the spring. Test pick-ups have 
been dropped from a height of 4 inches several 
hundred times with no damage to the stylus 
and remarkably little damage to the record. 
The sapphire stylus tip has a radius of 0.004 
inch and is pressed into an aluminum collet 
which is swaged to the spring. A 3/64-inch cube 
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of Pyralin, a cellulose nitrate plastic material, is 
cemented on the upper side of the stylus arm. 

Figure 3 shows the acoustic radiation in 
respect to frequency of the aforementioned 
crystal cartridge and needle, and for purposes of 
comparison, a curve of the same cartridge with 
a conventional full tone steel needle. The im- 
provement indicated by the spring needle results 
from greatly reducing the mass of the needle 
point and by so proportioning the stylus arm 
(which is a compliant member) that together 
they resonate at a relatively high audiofre- 
quency. 
































The vertical compliance afforded by means of 
the spring suspension of the stylus provides 
freedom of movement of the stylus point itself 
without transfer of energy to the tone arm. 
The result is an improvement in the ability of 
the stylus to trace any signal frequency and 
within the range of its operating efficiency, to 
show a distinct gain in the mechanical transfer 
of lateral force from the record groove to the 
transducer. The gain in mechanical transmission 
results in an equivalent loss in its generation of 
mechanical noise below the resonant frequency of 
the spring. A further control of the spring reso- 
nance by utilization of viscous damping, reduces 
the acoustic radiation at this point to a value 
comparative to its lower frequency output. 

Table I illustrates the reduction in distortion 
obtained because of the improvement in signal 
tracing. The distortions indicated are not a 
result of the weight that is applied to the stylus 
and are indicative of a basic difference in tracing 
performance. The tracking weight indicated is 
that previously accepted as the weight necessary 
for the reproducer to trace properly a record 
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groove. It is determined by the weight necessary 
to obtain maximum output from the reproducer 
at the test frequency. If additional weight does 
not increase the electrical output, then it has been 
said that the reproducer is tracking properly. 

The conventional type of needle cannot oper- 
ate without excessive amounts of distortion due 
to its inability to trace the signal pattern. The 
“pinch effect’? that prevents accurate signal 
tracing, unless some degree of vertical com- 
pliance is interposed between the stylus tip and 
the tone arm has been analyzed and discussed in 
papers that have previously appeared in this 
publication. While the numerical values of dis- 
tortion noted in the curve are sufficient to 
denote a difference in stylus performance, the 
records used for test are not ideally suited to 
the purpose. They are of standard manufacture, 
were recorded in about 1926, and are not free 
of distortion in themselves. 

Figure 4 shows the signal to noise ratio of a 
4000-cycle groove and the adjacent unmodu- 
lated groove over a period of 500 plays. The 
initial discrepancy is that normally encountered 
between records. 

Figure 5 shows an extended life test in which 
the signal to noise ratio of a 1000-cycle groove 
compared to an adjacent unmodulated groove 


TABLE I, 








Spring needle 


Straight needle 
Harmonic distortion 





2nd «3rd «(4th 2nd 3rd) «(4th 
105 cycles 10% 3% — 202.* 16% 7% 2% 402% 
— | 3 1 2 2 oz.* 2 3 4 4 oz.* 
1000 “ 2 — 1 1 oz.* 2 3 4 3 02.* 
2000 “ 6 — — 1 oz.* 12 4 _ 4 02.* 
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was measured over a period of 4000 plays. The 
same factors which contributed to reduced dis- 
tortion are responsible for the decreased wear. 

The practical value of this decrease in wear is 
readily apparent. There is, however, one addi- 
tional feature that merits consideration. Due 
equally to the incorporation of a 0.004 radius 
stylus tip and the spring mounting, it is possible 
to obtain renewed pleasure from a library of 
records that are apparently worn out. 

A further interesting feature of this needle is 
that, by proper choice of constants, the effective 
sensitivity of the reproducer can be increased 
and the need for compensating networks elimi- 
nated. Figure 6 shows the frequency response 
characteristic of a pick-up of commercial design 
for a test record with a 250-cycle changeover 
from constant amplitude to constant velocity. 
The dotted curve is for an 800 cycle changeover. 

This is a desirable response for home radio- 
phonographs affording uniform output from 50 
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to 3500 cycles and a rapid cutoff above that 
point. The shaded area, which is included above 
a straight line having a downward slope of 6 db 
per octave, which represents the typical curve of 
a crystal reproducer heretofore considered ideal, 
represents the gain in sensitivity obtained. The 
only compensation found necessary is that 
normally applied to the volume control to 
attenuate lows less than high frequencies as the 
volume is reduced. The gain in output over the 
shaded area is accomplished by proportioning 
the lateral compliance of the stylus arm and the 
mass of the sapphire point so as to obtain reso- 
nance at a frequency just below the cutoff 
desired. The amplitude of this resonance is 
controlled by the damping block attached to the 
stylus spring. 

The sum total of the claimed advantages in a 
reproducing system employing a stylus having a 
vertical, as well as a lateral, compliance can be 
well appreciated in a demonstration of the 
reproduced quality of recordings of loud complex 
passages. 

While it is beyond doubt that an extension of 
frequency response is desirable, the author opines 
that a reduction in distortion is more to be 
desired and that it is better to reproduce a 
limited range and to do it well than to extend 
merely the range of existing high distortion 
devices. And that further, the greater the ex- 
tension of frequency response, the more exacting 
become the demands of low distortion. 
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The Correlation Between Elastic Deformation and Vertical 
Forces in Lateral Recording 


S. J. BEGUN AND T. E. LYNcH 
The Brush Development Company, Cleveland, Ohio 
(Received November 28, 1941) 


URING the past few years it has been 

frequently pointed out in the literature 
that an ideal lateral pick-up is one characterized 
by low vertical mass of the moving element, and 
also flexibility between this moving mass and 
that of the rest of the pick-up. The requirement 
for this vertical flexibility has been hypothecated 
upon the consideration that a lateral recording 
is cut with a knife edge and reproduced with a 
ball point, thus producing a tendency for any 
lateral modulation to have associated with it a 
vertical motion. This property of the lateral 
recording is known as the “pinch effect.” 

It has been tacitly assumed that this pinch 
effect generates a force by vertically displacing 
and accelerating the stylus assembly. Hence the 
current practice of reducing to a minimum the 
mass engaged in following this pinch and of 
coupling this mass by means of a compliance 
member to the mass of the pick-up proper. In a 
recent paper before the Society of Motion Picture 
Engineers, however, Mr. O. Kornei pointed out 
that some disk recording phenomena can be 
explained by the elastic properties of disk 
materials. It seems pertinent, therefore, to in- 
quire whether or not the vertical stylus forces 
may not be altered by the elasticity of the disk 
material. This paper will concern itself with the 
limiting case only, where the pick-up stylus is 
rigidly coupled to the mass of the pick-up arm. 

To investigate, at first, the vertical displace- 
ments of the pick-up in motion on a rigid disk 
material, a transient wave form shall be con- 
sidered at two cross sections, designated in 
Fig. 1 by K and M. Cross section K has a groove 
width equal to the cutting knife edge. Cross 
section M has a groove width which depends 
upon the angle a. This angle a, which determines 
the slope of modulation, has a limiting value 
Qmax given by the complement to the angle 
formed by the intersection of a horizontal plane 
with the front and either side face of the cutting 
stylus, as shown in Fig. 1. 


The angles By and 8x between the groove 
walls at cross section M and K, respectively 
ee | 

have the following relationship: 


Bur BK 


tan —-=cos a tan —. (1) 


Since Bx is larger than By, as shown in Fig, 2 
the center point of a ball placed in the groove 
will be lower at cross section K than at cross 
section /, and the difference between the center 
points of the ball positions is the displacement 
caused by the change of angle" and is*given by 
the following formula: 


1 1 
dpu= ( SORT emia ), (2) 
sin By/2 sin Bx«/2 


where r equals the radius of the ball. 

The case will now be considered of a record 
material having elastic properties. A pick-up 
stylus with a biasing force Fz will be substituted 
for the ball and under the influence of the 
biasing force, will seek a new position lower by 
the quantity dgx at cross section K, as shown in 
Fig. 3. This displacement dgx caused by the 
groove deformation is, so to speak, the static 
displacement of the center point of the stylus. 
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It will be assumed that the stylus point is not 
allowed further vertical motion. 

In the dynamic case, where lateral modulation 
is accompanied by a change in angle 8, an 
additional groove wall deformation, correspond- 
ing to the quantity dp has to take place. 

To establish the correlation between elastic 
deformations and the resulting forces, the Hertz 
formula is at hand. In the following form, this 
formula refers to a ball pressed with a force P 
against a plane, where either ball or plane is 
rigid and the surface of the other is elastically 
displaced by the distance 6 


1 


9 1 (1-y*)? ; 
= (— - Pt). (3) 
16 r EF 


Assuming that the ball is represented by the 
stylus tip and the planes by the groove walls, 
the following modifications will be made: 


r=6.35-10-* cm, 
the usual radius of reproducing styli; 
7¥=0.3, 


the Poisson cross ratio for materials of the kind 
usually used in recording practices. 


P=Fsin 6/2 
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by virtue of the inclined walls of the groove, 
where P is normal force, and F is the vertical 
component of this force. 


5=d sin 8/2, 


where 6 is the displacement normal to the wall 
and d is the vertical component of this dis- 
placement. 


LATERAL RECORDING 


Therefore, 


(8.5-F)? \3 
a RET! 
E?-sin B/2 
In most recording practice Bx is 90° and from 
the solution of formula (1), 81 is approximately 
81° when amax is 30°. Formula 4, therefore, has 
| — Foace 
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y STYLUS POSITION 


W/TH BIASING FORCE 


the following forms at cross sections K and M 


10.2-F\! 
ix-(—_) ‘ (Sa) 
E 


10.6-F\i 
deal (—) (5b) 
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From these equations have been plotted the 
nomographs of Fig. 4 which give the relationship 
between vertical displacement dx and dy, vertical 
stylus force F, and the Young’s modulus of the 
disk material. 

The Young’s modulus has been experimentally 
determined for a number of disk materials. 
It has also been experimentally determined that 
a given disk material can withstand a definite 
limiting stylus force, the yield force, before 
permanent groove deformation takes place. This 
yield stylus force causes a maximum permissible 
deformation in the disk material. This limiting 
elastic deformation, dy max, takes place at cross 
section M, since at this cross section the de- 
formation is caused by the biasing force as well 
as by the change of angle 8. Therefore, in this 
limiting case 


du max=dpm+drx. (6) 
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The quantity dpy is fixed by the recording 
process as shown by formula 2 and is 7.43-10-* 
cm when a is 30°. Since this quantity is fixed and 
dM max has its maximum value, it follows that dgx 
is the maximum residual deformation which the 
biasing force is permitted to cause. Figure 5 
shows the yield force experimentally established, 
the elastic modulus also experimentally deter- 
mined and the resulting maximum biasing force 
obtained from the nomograph. 

From consideration of the limiting case, it 
appears that most disk materials require that a 
pick-up have a vertically flexible member be- 
tween the stylus and pick-up arm, or else forces 
in excess of the yield forces will be generated. 

It is now in order to investigate the validity 
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x/0" dyne. 
a 


§ 


4. 


of the assumptions adopted in the early section 
of this paper. First of all, it may be pointed out 
that a pick-up with absolutely no vertical com- 
pliance is almost never realized in practical 
design. As a matter of fact, either the stylus 
itself (which is normally at an angle to the disk 
surface) provides some degree of compliance, or, 
in other designs, the connecting parts between 
stylus and generator element will vertically bend. 

Furthermore, it will be recognized that in 
reality, the vertical position of the pick-up arm 
is not fixed as assumed, but, on a continuous 
modulation it actually adjusts itself to some 
higher position, thus materially reducing the 
generated elastic forces. On the other hand, 
however, it will be seen that the pick-up in an 
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unmodulated groove rides at its lowest position 
and, therefore, an abrupt wave form following 
an unmodulated portion may, at least tempo- 
rarily, generate the maximum vertical forces 
calculated above. 

It will be recalled that a V-shaped groove has 
been assumed. In practice, however, sapphire 
cutting styli cut a groove with a rounded bottom 
and the radius of curvature of such styli is not 
greatly different from that of reproducing styli. 
This means that the reproducing stylus may 
receive better support than was assumed in the 
premises made. 

With regard to the angle a, which determines 
the slope of the modulation, it may be questioned 
whether or not 30° is a practical value to be 
encountered in normal recording practice. It 
appears more probable from a consideration of 
the following case, that a 20° angle is a high 
value, rarely exceeded. 

Assuming a 500 cycle modulation of 5-10-* cm 
amplitude at a disk radius of 5 cm and a disk 
speed of 78 r.p.m., angle a@ becomes approxi- 
mately 21°. With regard to the slope of modula- 


tion, these values represent a very severe con- 
dition. 


For an angle a of 20°, at cross section M', 
dpy' is 2.8-10- cm. With respect to the use of 
the nomographs, dy: approaches so closely dy 


that the dy column can be used for the solution 
of the maximum biasing force with negligible 
error. 

Typical solutions are given in Fig. 5. These 
solutions lead to the following conclusions: 

Even on the harder materials, such as shellac, 
a pick-up with negligible vertical compliance 
may be used, since the permissible biasing force 
can be as high as 40,000 dynes. 

On the other hand, however, the maximum 
dynamic forces generated by the elastic deforma- 
tion of shellac, for example, will reach, mo- 
mentarily, very high values, thus causing a 
somewhat accelerated stylus wear, even though 
the disk material itself is not permanently 
harmed. 
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Music Division, Library of Congress, Washington, D. C. 


IX recent years the Music Division of the Li- 
brary of Congress has assembled one of the 
largest collections of disk and cylinder records 
in the world. This collection, which is continually 
being augmented, consists of commercial records, 
field recordings on acetate disks of folk music 
and folk lore, radio transcriptions, and many 
commercial and home made wax cylinders. The 
folk music, folk lore, portion of the collection 
containing more than 15,000 songs is unique 
and of great value to scholars, musicians, folk- 
lorists, etc., but because officials of the Library 
would not permit the materials to be played 
for research, or taken from the building to be 
duplicated the collection was not available to 
interested persons. 

In 1939 the Carnegie Corporation made 
available to the Librarian of Congress a sum of 
money to be expended in equipping and operating 
a phonoduplication laboratory, for the express 
purpose of performing for users of recorded 
materials the same type of service that the 
Library’s photoduplication service offers to users 
of the rare book and manuscript collection: i.e., 
duplication, for use, of materials contained in the 
Library of Congress Collections. Money was 
also provided to supply the laboratory with addi- 
tional portable recording equipment to be used 
for collection of folk materials and other field 
recording work. 

The Recording Laboratory is equipped with 
two Scully recording machines and _ several 
playback turntables arranged for convenient 
dubbing. Figures 1 and 2 show the general 
arrangement of the equipment. The main 
dubbing table has several pick-up units, each 
adapted to give best reproduction results on a 
certain type of records. The several amplifier 
channels are made up of broadcast type equip- 
ment as can be seen from the photograph. On 
the main dubbing table are located the various 
cut-off and taper filters used most in transcription 
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work while other filters and equalizers, not as 
frequently needed, are located in the equipment 
cabinets. In order that records recorded at im- 
proper speeds may be copied a variable frequency 
generator is connected to the dubbing table and 
the speed of the table adjusted until the proper 
reproduction is obtained. 


Connected with the Laboratory are two 
studios which are occasionally used for broad- 
casts and in which the programs prepared by 
the Library of Congress Radio Research Project 
are recorded for broadcast use. 

The Music Division also has the Coolidge 
Auditorium and the Whittall Pavilion, where 
many important chamber music recitals are 
given. Both of these halls are connected to the 
Recording Laboratory by wires, and most of the 
musical events and talks taking place there are 
recorded. 

The Recording Laboratory is a unique estab- 
lishment: The major portion of the work 
performed in the Laboratory falls in fields of 
endeavor which in most recording organizations 
considered incidental, or are not 
considered at all. The work of this division of 
the Library quite generally can be divided into 
two classifications: the sponsoring and equipping 
of field expeditions, including the design and 


are only 


construction of special equipment to be used on 
the expeditions, and the studio work consisting 
of duplicating records held in the collection, 
recording the Coolidge and Whittall Foundation 
Concerts, poetry readings, and miscellaneous 
radio recording. The biggest physical job that 
the Laboratory performs is the duplicating by 
dubbing of acetate records in the collection so 
that they might be used for study purposes, by 
students of folk lore, music, etc. As many as 
two hundred dubs have been made in a week 
from the more than ten thousand records on 
the shelves of the Library. 

One of the most interesting pieces of work 
undertaken in the Laboratory has been the 
repair and reclamation of old cylinder and disk 
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Fic. 1. View of Library of Congress Recording Laboratory, showing dubbing table, Scully 


recording machines, and the various amplifiers. 


Fic. 2. Close-up of one of the Scully recording machines. 
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records (Figs. 3 and 4). During the past year 
approximately three hundred and fifty old wax 
cylinders were transcribed onto acetate disks. 
Many of these cylinders were dirty and cracked, 
also many were covered with mold and had to 
be cleaned before they could be copied, but 
whenever possible they were not cleaned, for in 
some instances the modulation was affected by 
this operation. A number of them were broken 
and had to be cemented together before they 





Fic. 3. Photograph showing the way old cylinder records 
often arrive. They are to be cleaned, catalogued and finally 
placed in the stacks for safekeeping. 


could be duplicated. Two groups of records which 
we copied warrant special mention: The first 
was a collection of more than hundred 
cylinders made by Percy Grainger, the famous 
pianist, between the years of 1900 and 1908. 
He traveled through England, Norway, and New 
Zealand making records on an old Edison 
phonograph of the folk singers in those countries. 
Many of these records, as is to be expected, are 
very poor but others show surprising fidelity. 
The second group was smaller but also very 
exciting. It was a group of cylinders recorded 
backstage during the 1903 Metropolitan Opera 
Season by Mr. Mapleson, then Librarian for the 
Metropolitan Opera Company. He also used an 
Edison recording machine. Since he had only one 
recording machine he made no attempt to record 
continuously, but merely recorded fragments 
here and there, probably of his favorite passages. 
Included in our collection are many hundreds of 
similar homemade cylinders, containing folk 
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music, Indian chants, political speeches, etc., and 
many early commercial cylinders. 

The cylinders are copied on a simple rebuilt 
Dictaphone machine with which can be used 
either of two special light-weight vertical pick. 
ups. One of these was a special photoelectric 
pick-up made for the Laboratory by Mr. David 
Grimes and Elmer Thompson of the Phileo 
Company and the second is a _ light-weight 
electromagnetic pick-up obtained from the 
Dictaphone Corporation. The following four 
feeds have enabled the machine to handle all 
the records encountered to date: 100, 150, 160 
and 200 lines to the inch. However, all possible 
rotating speeds between approximately 50 r.p.m. 
and 225 r.p.m. have been encountered so the 
transcription machine has been made continu- 
ously variable. In the work on the Grainger 
cylinders we were aided by the tone of a pitch 
pipe which Mr. Grainger had recorded at the 
beginning of each cylinder. In copying the opera 
cylinders we were aided by Mr. Miller of the 





Fic. 4. Recording on a wax covered paper disk made by 
Alexander Graham Bell in 1890. The inscription, signed 
by Bell, indicates that he was experimenting with styli 
and the effect of varying depths of cut. 


Music Division of the New York Public Library 
who followed the score of the operas and com- 
pared the music with the sound of a tuning fork. 

The sound level on most of the amateur 
cylinders is very low and so great effort had to 
be spent to eliminate all the noises due to the 
recording and playback machines: because of 
this, high fidelity was not desirable in the 
reproducer. These acoustically recorded cylinders 
had very little sound on them below 250 cycles 
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Fic. 5. Interior view of the Recording Laboratory sound truck showing one of the two 
turntables, the control panel, recording amplifier and portable amplifier. 


or above approximately 3500 cycles, however, 
most of the rumble occurred below 250 cycles 
and most of the surface noise above 3500 cycles. 

Cracked cylinders and disks have presented a 
problem difficult to solve, but at the present 
time we are experimenting with a machine that 
will eliminate the worst effects of cracks and 
scratches. 

A very large part of the Library equipment is 
portable or field equipment used for collecting 
folk music, folk lore and other Americana. The 
Library has nine complete portable units in- 
cluding a completely outfitted sound truck. 
All of the units have their own power supplies 
operated from storage batteries, and several 
have gasoline chargers for charging the batteries 
when commercial is not available. During the 
past summer all of the sets were in the field: 
two were in South America, one in Alaska, one 
in California, one in Wisconsin, one in Missis- 
sippi, another in the Tennessee Valley and one 
in Ozark Mountains. 

The sound truck is equipped with two 16” 
turntables, one of which is visible in Fig. 5. In 


order to facilitate operations telephonic com- 
munication is provided between the recording 
location and the truck, and a portable four- 
channel mixer provides flexibility in mikeing. 
The apparatus is operated from a self-contained 
110-volt, 60-cycle power supply which operates 
from a 32-volt storage battery system. The 
batteries can be recharged by a _ generator 
mounted on the truck motor, or when available, 
by commercial power. The frequency of the 
power supply is controlled by a field control 
connected to the convertor. The field control 
and the frequency indicating meter are visible 
on the control panel next to the turntable. A 
small truck was chosen for this unit because the 
rural roads over which it must travel are poor. 
The portable units are of two kinds, small 
twelve-inch units and 16’ slow speed units. 
The portable power supplies used on these sets 
are rotary convertors operated by storage 
batteries. It might be imagined that in this 
country such a supply might not be used much, 
but actually most real folk music is found where 
commercial power has not penetrated, and 
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Fic. 6. One section of the record storage stacks in the Library of Congress. 


among people who are too poor to pay power 
bills, and so it is absolutely necessary to provide 
our own power. It might be interesting to 
describe the power unit installed in a collector’s 
car (Fig. 7). The unit is operated by remote 
controls so that it is not necessary to take the 





Fic. 7. Portable power supply installed in collector's 
- car. The storage batteries, battery charger, convertor, and 
remote control panel with the frequency indicating meter 
are visible. 


batteries or convertor from the car. The operator 
has a frequency meter with him at the recording 
location, and by means of a field control is able 
to regulate the speed of the convertor. 

In some countries it is necessary to provide 
our own gasoline; for example, in Dutch Guiana 
last summer it was necessary to have Pan 
American Airways supply our group. with 
gasoline for none could be purchased there. 

The smallest of the portable units in use at 
the present time weighs about two hundred 
pounds complete with batteries and convertor. 
This is much too heavy for air travel, though 
some of our people travel that way, and so we 
are now developing a battery-operated 12” unit 
which we hope will weigh less than 40 pounds. 

At the present time instantaneous, shellac, or 
aluminum records, are not treated in any manner, 
but merely stored where they are relatively safe. 
It is realized that our acetates (really nitrates) 
are not stable and so attempt is made to keep 
the originals in closed metal boxes (Fig. 6), and 
they are played as little as possible. When it is 
desired to work with a disk, an acetate duplicate 
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is made for that purpose. We are not satisfied 
that acetates will long endure even with this 
care and we are trying to find methods to 
preserve them. We can, and sometimes do, have 
pressings made from acetate disks, but this 
method is too slow and costly to be employed 
in handling our fast growing collection. 

Shellac records are quite durable, but up to 
this time no research has been done on any of 
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these disks to determine the life expectancy or 
shelf life of these materials. As librarians we are 
naturally anxious to know about the aging and 
wear characteristics of record materials, and 
something of methods of treating them for 
preservation, and so at the present time we are 
attempting to initiate a research program to 
study the general problem of the care and 
preservation of recordings. 
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Methods for Measuring the Performance of Hearing Aids * 


FRANK F, ROMANOW 
Bell Telephone Laboratories 


(Received August 29, 1941) 


A hearing aid can be considered as a sound transmission 
system which is interposed in the path between the source 
of sound and the listener’s ear. As such its performance can 
be judged by comparing the sound that reaches the ear 
first through the air path and then through the hearing aid. 
The experimental procedure to carry out this concept is, 
however, time consuming. To obtain a simple laboratory 
technique for comparative purposes, it is proposed, there- 
fore, that the amplification of a hearing aid be measured 
by placing its microphone in a known sound field and 
observing the output of the receiver when terminated in 


INTRODUCTION 


EARING aids are devices used by hard of 

hearing people to compensate for defects 
in their hearing. Besides various acoustic devices 
such as horns there are several types of electrical 
hearing aids in use. These consist of a microphone 
to convert sound energy into electrical energy, 
an amplifier to increase the electrical energy, a 
receiver to convert the electrical energy into 
mechanical vibrations or sound, the necessary 
power supply, and the cords for interconnecting 
the components. In general, they are classified 
as vacuum tube or as carbon-type hearing aids. 
The classification depends upon whether the 
amplification is obtained by the use of vacuum 
tubes or by the use of granular carbon, although 
a combination of a carbon microphone and a 
vacuum tube amplifier is sometimes used. A 
separate amplifier unit may be unnecessary with 
a carbon microphone if the required amplifica- 
tion is small, because the carbon microphone in 
itself provides amplification. Either of two 
general types of receivers may be used, namely, 
the air-conduction receiver and the bone- conduc- 
tion receiver. With the air-conduction type, 
where the sound vibrations are imparted to the 
outer ear, the receiver may fit on the pinna or 
may be connected directly to the ear canal by an 
attachment which fits the convolutions of the 
pinna. With the bone-conduction type, me- 
chanical vibrations are imparted to the bony 
structure of the head, usually to the mastoid bone. 


* Presented before the Acoustical Society of America, 
Chicago, Illinois, November, 1940. 


an appropriate impedance. For an air conduction receiver 
this impedance takes the form of a closed cavity. For a 
bone conduction receiver the termination is an artificial 
mastoid. Since in a portable hearing aid compactness js 
desired, the undistorted pressure that can be developed by 
the set is limited in magnitude. Also the amplification js 
a function of the variation of the power supply voltages, 
Hence it is necessary that these characteristics be measured. 
As an illustration of the different factors involved charac- 
teristic curves for a recently developed vacuum tube aid 
are shown. 


The satisfactory performance of a hearing aid 
depends upon its ability to compensate for the 
defects in the user’s hearing. Therefore, one 
method of determining and rating the perform- 
ance of hearing aids is to determine, by aural 
tests, the ability of the user correctly to hear 
speech or some other suitable sound. However, 
it is often desirable to have a method for measur- 
ing and expressing the performance of a hearing 
aid which does not require aural observations. 
Physical measurements of the field calibration, 
power capacity, and distortion can be used for 
this purpose provided they are properly inter- 
preted. It is the purpose of this paper to suggest 
and discuss methods for measuring these per- 
formance characteristics and to illustrate these 
methods by presenting data on a particular hear- 
ing aid. It will also be shown that similar 
measurements can be used to study other impor- 
tant characteristics of hearing aids such as sta- 
bility of performance with time, the effect of 
variations in battery voltage, the effect of instru- 
ment position, and the effect of the setting of 
any control used to change the performance of 
the set. Other characteristics such as wearability, 
ruggedness, and appearance, although very im- 
portant to the user, will not be considered here. 


FIELD CALIBRATION OF A HEARING AID 
Reference condition 


In order to express the performance of a 
hearing aid quantitatively, it is necessary to 
specify a reference condition to which the per- 
formance of any particular hearing aid may be 
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compared, and to specify the method for making 
such a comparison. A hearing aid can be con- 
sidered as an instrumentality which is interposed 
in the path between the source of sound and the 
listener’s ear. On this basis the reference condi- 
tion can be set up as the air path between a source 
of sound and the listener’s ear, and the measure- 
ment of any hearing aid can then be expressed 
as the amplification which it introduces in the 
air path to the listener’s ear. A qualitative com- 
parison can be made by having the person listen 
to the sound source directly and then through 
the hearing aid. Such a comparison can provide 
an estimate as to the adequacy or inadequacy of 
any particular hearing aid and can roughly com- 
pare the merits of two or more such devices on 
the score of recognition of the amplified sound. 


Subjective calibration method 


To reduce such a comparison to a quantitative 
basis, however, the test might be made in the 
following manner with an arrangement such as 
that shown in Fig. 1. In an acoustically treated 
room in which reflections have been reduced to a 
negligible amount, an observer, placed at a posi- 
tion where the sound waves coming from a 
loudspeaker are planar,! compares by listening 
with one ear the loudness of a tone transmitted 
through the hearing aid with that received di- 
rectly through the air. In this arrangement ear 
and microphone position are in identical positions 
in the sound field. It may be noted that the 
microphone in the test is in a free field, whereas 
in actual use the position of the microphone 
varies, sometimes being held towards the speaker, 
sometimes placed on a desk and sometimes worn 
on a person and concealed under clothing. This 
variable may be evaluated separately and will 
be further discussed later. For the present we 
will consider the hearing aid being in an un- 
disturbed field. 

When the observer listens to the output of the 
hearing aid, the intensity of the loudspeaker tone 
at the microphone position is adjusted to be the 
same as in normal conversational speech so as to 
have the hearing aid carry its normal level. When 
the hearing aid is removed and the observer re- 
ceives the tone directly through the air, the 


_ | Standards on Electroacoustics, 1938—I. R. E. pub- 
lication. 
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Fic. 1. Arrangement for equal loudness determination 
of sound coming directly from a speaker’s mouth and sound 
transmitted through a hearing aid. 





intensity of the tone has to be increased in order 
to be equally loud with that delivered to the ear 
through the hearing aid. By proceeding thus 
throughout the frequency range the performance 
of the hearing aid is expressed in terms of the 
difference between the different outputs of the 
loudspeaker. It is assumed, of course, that the 
loudspeaker does not overload within the range 
of the test. The undisturbed acoustic pressures 
at the test position, that is, the pressures in the 
field with the microphone and the observer 
absent may then be used to express the two 
conditions of loudspeaker output. A plot of the 
ratio of these two pressures for the frequency 
range of the hearing aid may then be termed its 
field calibration. 

In other words for the field calibration of a 
hearing aid, we have 


ri = P,/P,, 


where P, is the undisturbed acoustic field pres- 
sure to which the microphone is exposed. This 
assumes that the microphone is placed at a posi- 
tion where the sound waves coming from the 
source are planar. P2 is the undisturbed acoustic 
field pressure required to produce, for the ob- 
server listening with one ear, the same loudness 
sensation as the output from the hearing aid 
receiver produces, when the microphone is in the 
sound field P:. The receiver can be of the air- or 
bone-conduction type. 

It will be noted that in this subjective type of 
calibration the loudness of the receiver output is 
compared to the loudness of the sound field when 
listening with one ear. If the observer uses both 
ears to listen to the sound field, the output from 
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-the receiver will have to be increased over the 
previous case to sound as loud as the field. 
Making loudness balances in this manner a cali- 
bration of a hearing aid could also be obtained. 
However, since in the audiogram hearing with 
one ear serves as the reference condition to which 
the hearing loss of the impaired ear is referred it 
seems preferable to use the monaural method. In 
this way the amplification of the hearing aid 
can be correlated directly with the hearing loss. 

The procedure outlined above can be carried 
out theoretically for a hearing aid which amplifies 
sound moderately and possesses at the same time 
the capacity for delivering high acoustic power 
levels to the ear. Most hearing aids, however, 
because of their small size, are limited in output 
power capacity and must, therefore, be calibrated 
with low input pressures. Also the high gain 
which is obtainable, for instance, with some 
vacuum tube amplifiers would permit acoustic 
pressures to be developed in the ear which are 
above the normal threshold of feeling. In a 
practical case, therefore, the field calibration of a 
hearing aid would have to be carried out at a 
much reduced acoustic input level or at an 
amplification below the maximum provided in 
the set. This does not take account of the power 
capacity of the set and an additional measure- 
ment is needed to determine this characteristic. 


Physical calibration method—Method of obtain- 
ing a coupler calibration 


While the above method may be regarded as 
the basic method, it is apparent that the de- 
termination of the performance of a hearing aid 
by means of loudness balances is laborious and 
time consuming, and that accuracy and repro- 
ducibility are dependent upon the use of a large 
number of observers. For general comparative 
and rating purposes, it is possible to get suitable 
results readily and avoid these difficulties by 
substituting for the subjective a physical method 
under conventionalized conditions. Such a setup 
in an acoustically treated room is shown in Fig. 2. 
In this case the acoustic output of the hearing 
aid is measured for different frequencies by means 
of a condenser transmitter which is closely 
coupled to the receiver by a suitable fixture en- 
closing a small prescribed cavity. This cavity 
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provides a definite acoustic termination for the 
receiver. A condenser transmitter, the diaphragm 
of which has a low compliance value, is used to 
measure the pressure in the cavity. The input 
pressure to the hearing aid is measured in terms 
of the undisturbed sound pressure at the micro- 
phone position. The ratio of the pressure in the 
coupler to the undisturbed input pressure at 
the microphone position may be termed the 
coupler calibration of the set for this particular 
cavity. 

In other words the closed coupler calibration 
of an air-conduction type of hearing aid igs 
given by 


Cx. =P3/P,, 


where P; is the undisturbed acoustic field pres- 
sure to which the microphone is exposed. This 
assumes that the microphone is placed at a posi- 
tion where the sound waves coming from the 
source are planar. P3; is the pressure developed 
in the closed coupler by the hearing aid receiver 
when the hearing aid microphone is in the sound 
field P. 

If a bone-conduction receiver terminates the 
set the general arrangement described above can 
also be used except that instead of the output 
pressure the velocity of the contact face of the 
bone-conduction receiver is measured for a pre- 
scribed condition. For this purpose, the receiver 
is placed on an artificial mastoid which provides 
the proper mechanical impedance and the vibra- 
tional velocity is measured. The ratio of this 
velocity to the undisturbed input pressure at the 
microphone position may be termed the artificial 
mastoid calibration. 
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Fic. 2. Arrangement for the pressure calibration of a 
hearing aid. 
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In other words, the artificial mastoid calibra- 
tion of a bone-conduction type of hearing aid is 


M.C. —_ V3/P1, 


where P; is the undisturbed acoustic field pres- 
sure to which the microphone is exposed. This 
assumes that the microphone is placed at a 
position where the sound waves coming from the 
source are planar. V3 is the velocity of the hearing 
aid bone-conduction receiver on the artificial 
mastoid when the hearing aid microphone is in 
the sound field P. 

Coupler and artificial mastoid calibrations are 
relatively easy to measure and a considerable 
amount of information can be obtained from 
them directly. This is particularly true when a 
number of hearing aids are being compared and 
where relative differences are of more importance 
than absolute field calibrations. However, in 
order that a field calibration of a hearing aid be 
determined from the coupler calibration, it is 
necessary to obtain a field calibration of the 
hearing aid receiver. How this may be done will 
be explained after various terminations for differ- 
ent types of receivers have been discussed in 
detail. 


Physical calibration method—Description of 
couplers used 


In calibrations of air-conduction receivers, an 
artificial ear? is much used as an acoustic ter- 
mination. Such an ear can be constructed to have 
an acoustic impedance very near to that of the 
human ear over a substantial frequency range. 
The impedance of the artificial ear is controlled 
by thin slots and small openings and chambers 
which form resonant networks. Therefore, the 
construction of such devices calls for extreme 
care and, in addition, they must be calibrated 
and checked at frequent intervals. 

The technique for measuring hearing aids can 
be very much simplified by the use of a closed 
coupler. These simulate artificial ears in which 
only the most essential characteristics for satis- 
factory measurement have been retained. They 
are so simple in construction that they may be 
reproduced readily. A coupler for use with a 

* A. H. Inglis, C. H. G. Gray, and R. T. Jenkins, ‘‘A 


Voice and Ear for Telephone Measurements,” Bell Sys. 
Tech. J. 11, 293-317 (1932). 
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Fig. 3. 2-cc coupler for terminating small hearing aid 
type receivers. 


small air-conduction receiver is shown on Fig. 3. 
It consists of a small cavity having a volume of 
2 cc, with a tubular entrance 0.710 in. long and 
0.120 in. in diameter. From a transmission view- 
point the tubular entrance is considered a part 
of the receiver. The length and size of the tube 
corresponds to the representative size of holes in 
earpieces. The 2-cc volume for the cavity has 
been chosen to simulate the average volume 
which obtains in the human ear after the insertion 
of an earpiece. The length and diameter of the 
cavity are proportioned so as to prevent ex- 
traneous longitudinal or transverse resonances. 
The pressure in the cavity is measured by a small 
condenser transmitter whose vibrating system is 
high in impedance and free from resonances. 

A large receiver which is to be used without an 
earpiece may be tested conveniently on a large 
coupler shown on Fig. 4. It consists of a cavity 
of approximately 6-cc volume which is termi- 
nated on one side by the condenser transmitter 
and on the other side by the receiver under test. 
A soft rubber connector adapts the coupler 
volume to different shape earpieces. The dimen- 
sions of the cavity have been chosen again to 
prevent the occurrence of undesirable resonances 
due to its shape and to simulate the average 
volume under a receiver cap when pressed to 
the ear. 
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Physical calibration method Description of 
artificial mastoid used 


If a bone-conduction receiver is to be used 
with a particular set it is necessary for an over-all 
test to terminate the receiver in a suitable me- 
chanical impedance. If no termination were pro- 
vided then the response of the bone-conduction 
receiver would be materially different. This is 
illustrated by Fig. 5, which shows a response of a 
bone-conduction receiver with and without load. 
The no-load curve was obtained by equating to 
zero those circuit elements which represent the 
human mastoid in the equivalent circuit of the 
bone-conduction receiver and mastoid. The arti- 
ficial mastoid* which was developed to represent 
the correct load is shown in Fig. 6. The annular 
weight 3 transfers its load through the rubber 
band 2 to the receiver and holds it against the 
rubber block 1. This block has been designed to 
present approximately the same impedance to 
the receiver as a human mastoid as evaluated by 
measurements on a number of people. These 
measurements were carried out by the use of a 
suitably modified mechanical impedance bridge.‘ 
The vibrational velocity of the receiver is trans- 
ferred to the stylus of a vertical phonograph 
reproducer, 4 in the diagram, through the rod 5 
supported by the spring 6. These latter merely 
guide the rod in carrying its weight; they have 
no appreciable effect on the characteristic curve. 

The constants of the artificial mastoid have 
been chosen to represent an average condition 
and therefore slight variations in the results when 
comparing measurements on the real and on the 
artificial mastoid are to be expected. Possible 
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Fic. 4. 6-cc coupler for terminating large receivers. 


3M. S. Hawley, ‘An Artificial Mastoid for Audiphone 
Measurements,” Bell Lab. Rec. 18, (Nov. 1939). 

4P. B. Flanders, ‘‘A Method of Measuring Acoustic 
Impedance,” Bell Sys. Tech. J. 11, 402-410 (1932). 
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Fic. 5. Relative response of an experimental bone-conduc- 
tion receiver on artificial mastoid and in actual use. 








Fic. 6. Diagrammatic drawing of the artificial mastoid 
indicating operating parts. 


deviations are indicated in Fig. 7. The measure- 
ments on the real mastoid were made with a 
headband pressure of approximately 200 grams. 
There is a slight departure at the lower fre- 
quencies, but over the major part of the fre- 
quency range the results are in close agreement. 


Physical calibration method—Method of obtain- 
ing field calibration from coupler or mastoid 
calibration 


In the field calibration of a hearing aid the 
performance is expressed as a ratio in which both 
numerator and denominator are undistorted field 
pressures. In the coupler calibration, the numer- 
ator is the pressure in a coupler and the de- 
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Fic. 7. Relative response of an experimental bone-conduc- 
tion receiver on artificial mastoid and in actual use. 


nominator is the pressure in the undisturbed 
sound field. The relation between these two 
numerators may be obtained by calibrating a 
receiver by loudness balances and by measure- 
ment on a coupler. For this purpose the arrange- 
ment shown in Fig. 1 is modified. As before the 
observer faces the sound source and listens to a 
tone from the speaker. Then the tone is switched 
to the receiver electrically and a loudness balance 
made of the two tones. At balance the undis- 
turbed sound field pressure at the position where 
the listener’s ear was is noted and also the voltage 
across the receiver. These two measurements per- 
formed at different frequencies extending over 
the frequency range of the instrument permit the 
receiver calibration to be expressed as the ratio 
of the undisturbed sound field pressure to the 
voltage across the receiver. 

In other words for the field calibration of a 
receiver we have 


F.C.r=P,/E; 


where P; is the undisturbed acoustic field pres- 
sure to which the head was exposed. This as- 
sumes that the head is placed at a position 
where the sound waves coming from the source 
are planar. FE, is the voltage across the receiver 
terminal when the head is in the sound field P,. 

In order to get an average result, the above 
type of calibration must be carried out with a 
number of observers. Ordinarily, it will be found 
that it is much easier to obtain the field calibra- 


tion of a receiver than it is to obtain the field 
calibration of a hearing aid so that the physical 
calibration method will be more satisfactory than 
the subjective method previously described. The 
next step is to calibrate the same receiver on the 
appropriate coupler and to express the calibra- 
tion as the ratio of the pressure in the coupler to 
the voltage across the receiver. 

The closed coupler calibration of an _air- 
conduction receiver is given by 


C.C.pR=P,/E2, 


where £; is the voltage applied across the receiver 
terminals and P, is the pressure developed in the 
closed coupler by the receiver when the voltage 
E; is applied to the receiver terminals. 

From these calibrations, the ratio of the undis- 
turbed sound field pressure to the coupler pres- 
sure is obtained as a function of frequency and is 
called the field correction 


A = (P1/E,)/(P4/E2). 


This is the correction which is necessary to relate 
the coupler calibration of a hearing aid to the 
field calibration. 

The above procedure applies directly to air- 
conduction receivers. However, the same process 
may be used to determine the field calibration of 
a bone-conduction receiver, the artificial mastoid 
calibration of a bone-conduction receiver, and 
the field correction for a bone-conduction type 
hearing aid. 

On Fig. 8 field corrections for two small re- 
ceivers measured on a 2-cc coupler and for a large 
receiver measured on a 6-cc coupler are shown. 
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Fic. 8. Corrections for 2-cc and 6-cc coupler to refer 
pressures to field conditions. 
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Fic. 9. Calibrations of a laboratory model of a vacuum 
tube hearing aid. 


It will be observed that the corrections for all 
of the receivers which were tested have similar 
shapes. At most frequencies the values are nega- 
tive. This means that for an equal loudness 
sensation the pressure developed by the receiver 
has to be higher than the corresponding pressure 
in the sound field. This might have been antici- 
pated from the results reported by Sivian and 
White® on minimum audible sound fields. It was 
found by them that the minimum audible pres- 
sure as produced by a telephone receiver closely 
coupled to an ear was higher than the minimum 
audible undisturbed pressure as produced at the 
ear position by a sound source at some distance 
away. Also at the lower frequencies leakage 
around the earpiece from the ear canal to the 
outside air occurs, accounting for small correction 
values at 350 cycles and for large values at lower 
frequencies. A greater leakage correction is 
shown for the large magnetic receiver measured 
on the 6-cc coupler. This can be explained by the 
greater difficulty of obtaining an adequate acous- 
tic seal on the ear with hard receiver caps. At 
the higher frequencies resonance and diffraction 
caused by the head and ear contribute to the dip 
between 2000 cycles and 3000 cycles and to the 
rise at 6000 cycles. The standard deviation of an 
individual observation for the determination of 
the crystal receiver correction is shown on the 
bottom of Fig. 8. Similar figures are obtained for 
the other corrections and they indicate roughly 
the accuracy that can be expected in this type 
of measurement. 


§L. J. Sivian and S. D. White, “On Minimum Audible 
Sound Fields,’’ J. Acous. Soc. Am. 4, 288-321 (1933). 
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Field calibration of a particular hearing aid 


The general ideas discussed in the foregoing 
paragraphs apply to any hearing aid. However, 
the practical application of these ideas will be 
illustrated by measurements performed on a 
recently-developed vacuum tube type hearing 
aid. The set consists of a crystal microphone, 
a three-stage feedback amplifier and magnetic 
receivers having different frequency ranges and 
output levels. Microphone and amplifier are 
contained in the same housing. To obtain the 
physical calibration of the set it is only necessary 
to set up the hearing aid in a known sound field 
and to determine either the generated pressure 
in the appropriate coupler or the velocity of the 
bone-conduction receiver on the artificial mas- 
toid. If the set is terminated in an air-conduction 
receiver high amplification can be obtained. In 
order to remain within the power capacity of the 
set, an input pressure has been used for the 
purpose of calibration which is in the range where 
the output pressure varies linearly with the input 
pressure. 

The upper curve of Fig. 9 shows the coupler 
calibration C.C. of the hearing aid terminated 
with an air-conduction receiver. The lack of 
transmission of sound at the low frequencies is 
unimportant since the contribution to articula- 
tion, due to these sounds, is negligible, and since 
hard-of-hearing people who are dependent upon 
monaural hearing are particularly disturbed by 
low frequency noises. The lower curve of Fig. 9 
shows the field calibration F.C. of the same set. 
It has been obtained from the upper curve by 
applying the field correction A of the magnetic 
receiver for the 2-cc coupler. It will be observed 
that the field calibration is quite uniform over 
the frequency range at which this hearing aid is 
intended to operate. It can be shown® that a 
hearing aid with this type of characteristic will 
permit a person with a pure conductive type of 
hearing loss of 60 db to hear excellently at a 
distance of 8 meters from the speaker. To hear 
equally well without this hearing aid, his ear 
would have to be within 1 cm of the speaker’s 
mouth. 


6 H. Fletcher, ‘‘Can We Scientifically Advise Patients as 
to the Effectiveness of Hearing Aids,’’ Annals Otol. Rhinol. 
Laryngol. 41, 727 (1932). 
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This particular set is equipped with a method 
of controlling the response, and measurements 
have been made with different control settings. 
Figure 10 shows that the amplification can be 
reduced at 200 cycles about 30 db without reduc- 
ing the high frequency level. This is particularly 
helpful in permitting compensation for nerve 
deafness. Cases of this nature show less hearing 
loss at low frequencies than at high frequencies 
and therefore need less low frequency amplifica- 
tion. It is found that in noisy locations less low 
frequency transmission is also an advantage for 
the person having a conductive hearing loss. 

If a calibration is to be made on a carbon-type 
hearing aid, some precautions are necessary to 
insure that the aid is in a normal and reproducible 
state of operation. Some carbon hearing aids are 
subject to packing, settling, or breathing. This 
may result in the hearing aid being temporarily 
in an abnormal condition. The procedure which is 
followed in measuring various types of hearing 
aids, therefore, should be designed to eliminate 
these abnormal states and depends upon the 
particular hearing aid under test. Furthermore, 
the performance of a hearing aid is influenced by 
such factors as the position of the volume control 
or the position of the various instruments, and 
therefore it should be measured under the various 
conditions in which it is normally used. 


PoWER CAPACITY OF A HEARING AID 
Method of measurement 


It has been previously mentioned that an 
important characteristic of the hearing aid is its 
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Fic. 10. Field calibrations of a laboratory model of a 
vacuum tube hearing aid with different settings of the 
tone discriminator. 
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power capacity. Since the coupler calibration has 
been made with low input pressures, additional 
measurements are necessary to determine the 
ability of the hearing aid to develop a sufficient 
amount of power or pressure to actuate the im- 
paired hearing mechanism. A convenient way to 
determine this power capacity of a hearing aid 
is to increase the pressure of the sound field from 
very low values to very high values and to ob- 
serve the increase in sound pressure output as 
measured by the condenser transmitter in the 
coupler. It is assumed that a meter is used to 
terminate the condenser transmitter amplifier 
which is capable of recording r.m.s. values of a 
complex wave as, for instance, a thermocouple. 
It will be observed that usually the output is a 
linear function of the input for small input 
pressures. As the sound-field pressure increases 
further, the output pressure will not increase in 
the same proportion but by a smaller amount. 
This is the region where nonlinear distortion 
begins to a marked degree. For very high input 
pressures no increase in the output pressure will 
be observed. This is the limiting pressure that 
can be developed. 


Power capacity of a particular hearing aid 


Overload curves for the vacuum tube type 
hearing aid terminated in a particular receiver 
are shown on Fig. 11. They were obtained for 
three frequencies and with a ‘“B” battery voltage 
of 45 v. If the amplification were the same for 
these particular frequencies, then the straight 
line portions of the curves should coincide. The 
upper regions of the curve show that the max- 
imum r.m.s. pressure which can be developed 


ad 
° 


10 PER-CENT 
HARMONIC — 
DISTORTION 
— tT en ae 





35 





30} — 4 +——+ 

| | 
} | | 
25 — —] — 


45-VOLT 








OUTPUT IN DYNES PER CM2 


|“B" BATTERY 





OUTPUT IN DB ABOVE | DYNE PER CM“ IN COUPLER 














-45 -40 -35 -30 -25 -20 -I5 -10 -5 0 5 
INPUT IN DECIBELS ABOVE I DYNE PER CM2 


Fic. 11. Overload curves on a laboratory model of a 
vacuum tube hearing aid. 








302 FRANK F. 
in the coupler is materially smaller for the 3000- 
cycle frequency. This is typical for hearing aids 
and is caused in most instances by a decrease of 
the receiver sensitivity at the higher frequencies. 
However, it is well known that at those fre- 
quencies pressures developed by music or speech 
are less intense,’ and hence there is less need for 
a high output of the hearing aid. In making this 
type of measurement, frequencies should be 
selected which do not coincide with any peak 
frequencies of the aid since otherwise the power 
capacity would seem too high when interpreted 
in the ability of the aid to transmit speech to the 
impaired ear. 


DISTORTION 
Method of measurement 


Two methods have been employed for deter- 
mining the amount of distortion which is present 
in hearing aids. One method consists in the 
measurement of the harmonic content in the 
output of the amplifier by means of a harmonic 
analyzer; and the other method consists in the 
measurement of the sum and difference com- 
ponents in the output when two frequencies are 
impressed simultaneously on the hearing aid.® 
The first method is sufficient to indicate the 
amount of nonlinear distortion of a vacuum tube 
type hearing aid since generally the limitation of 
this type hearing aid is due to the inability of the 
last stage of the amplifier to supply an unlimited 
amount of power. The second method is par- 
ticularly suitable for the carbon-type hearing 
aid. It has been found that the sum and difference 
components that appear are larger in magnitude 
than the harmonic terms, and therefore give a 
better indication of the distortion which is ob- 
served by aural tests. In general, the distortion 
present in carbon sets is not accounted for en- 
tirely by the departure from a linear relationship 
between input and output as indicated by Fig. 
11. Available data indicate that part of the dis- 
tortion is due to the manner in which the re- 
sistance of the carbon changes cyclically when a 
complex pressure wave is impressed on carbon 
instruments. 


7L. J. Sivian, “Speech Power and its Measurement,” 
_ Bell Sys. Tech. J. 8, 646-661 (1929). 

®W. C. Jones, ‘“‘Instruments for the New Telephone 
Sets,”’ Bell Sys. Tech. J. 17, 338-357 (1938). 
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Fic. 12. Effect of feedback on power output at 1000 cycles 
per second for 10 percent harmonic distortion. 


Power output for 10 percent distortion from a 
particular hearing aid 


The particular vacuum tube hearing aid which 
has been selected for these tests is of the feedback 
type. By means of a volume control, negative 
feedback is applied to the first stage, as less 
amplification is needed. This results in an in- 
crease in the output pressure with the higher 
outputs for a given amount of harmonic distor- 
tion. (See Fig. 12.) The 10 percent figure has 
been selected arbitrarily for these measurements, 
although hearing aid users will usually tolerate 
considerably more distortion. The point of 10 
percent harmonic content at full gain is also 
shown for the thousand-cycle frequency on the 
overload curves of Fig. 11. 


DETERMINATION OF OTHER PERFORMANCE 
CHARACTERISTICS 

Stability 

The stability or constancy of operation of a 
hearing aid with time is a very important per- 
formance characteristic. In order to give satis- 
faction to the user, an aid should not lose sensi- 
tivity or clarity either over short or long periods 
of time. However, because of mechanical limita- 
tions, some hearing aids vary considerably in 
sensitivity over relatively short periods of time. 
Also, such factors as a decrease in the battery 
voltage, aging of carbon, and loss of sensitivity 
of vacuum tubes cause deterioration of per- 
formance after the set has been in use for an 
extended period of time. Measurements of the 
field calibration, overload characteristic, and 
distortion of a hearing aid at intervals over a 
period of use will give considerable information 
on the stability of a hearing aid. 
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Fic. 13. Loss of amplification of vacuum tube hearing aid 
due to variations in battery voltages. 


The hearing aid for which measurements have 
been given was found to be very stable. The 
principal cause of instability is battery aging. 
This will now be discussed in some detail. 


Effect of power supply voltage 


In general the range of operation of hearing 
aids includes fluctuations of the power supply. 
Also as a battery ages the internal resistance in- 
creases, and sometimes provides a feedback volt- 
age which causes singing. It is therefore necessary 
to make calibrations for different battery volt- 
ages including a resistance which simulates aging. 
In considering a vacuum tube set, both “A” 
and “B” battery voltage variations should be 
included. Curves of this type will clearly define 
the limit of operation of a hearing aid although 
they will rarely indicate the length of time over 
which the aid may be used since this depends to 
a large degree on the amount of use a person 
gives the set. In an attempt to obtain informa- 
tion about the useful life of the battery two 
methods of approach have been used. One is to 
run the batteries down continuously to a pre- 
determined value, the limit of operation, and the 
other is to run the batteries intermittently in- 
cluding short rest periods. The life of the battery 
is defined as the time at which the predetermined 
value of voltage is reached. 

On Fig. 13 are shown two sets of curves which 
indicate the variation of the gain of the amplifier 
of the vacuum tube hearing aid with decreasing 
“A” and “B”’ battery voltages. It will be ob- 
served that a drop in ‘‘A”’ voltage from 1.4 volts 
to 0.95 volt produces only a small change in the 
gain of the amplifier. With a further decrease, 
however, the gain drops rapidly and at 0.90 volt 
the loss is 4.5 db from its original value at 1.4 
volts. This voltage for this particular hearing aid 
may be taken as the average limit of operation 
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for the ‘‘A”’ battery since the exact limit depends 
upon the degree of the hearing impairment of 
the user. Approximately 9-db loss in gain is 
experienced for a 15-volt change of the ‘‘B” 
battery voltage. 


Baffle effect 


When a hearing aid is to be worn on a person, 
a change in response will occur; Fig. 14 shows 
this effect for this particular vacuum tube hear- 
ing aid. The presence of the body increases the 
response in the range below 800 cycles and de- 
creases it above this frequency. The aid was 
worn, for the purpose of this experiment, in the 
upper pocket of a man’s suit, the microphone 
completely exposed. If the microphone is covered 
by the material of a man’s coat the upper range 
of the response will diminish further, showing a 
loss of approximately 6 or 7 db at 5000 cycles. 
The lower range is unchanged. Light silks as 
commonly worn by women will influence the 
microphone response very little. If the micro- 
phone is placed on a desk, the lower range of 
frequencies is considerably enhanced because of 
the baffle effect. 


CONCLUSION 


In this paper, a reference condition has been 
discussed which may serve as a comparison 
standard to evaluate the performance of any 
hearing aid. It has been shown that by the use of 
couplers for termination of different types of air- 
conduction receivers, the procedure of obtaining 
a physical calibration can be materially simpli- 
fied. Similarly, an artificial mastoid has been 
discussed as termination of the bone-conduction 
receiver. These couplers and the artificial mastoid 
have the advantage of simplicity, constancy, and 
reproducibility. By means of field corrections, 
calibrations so obtained may be transformed into 
a close approximation of field calibrations. 
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Fic. 14. Change in field calibration caused by placing a 
hearing aid on a person. 
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Since the power output of a hearing aid is 
limited, it has been shown that the field calibra- 
tion alone is insufficient to characterize its per- 
formance completely and that data on the power 
capacity of a set must be obtained. These data 
usually take the form of overload curves. The 
distortion which is present in a set can be deter- 
mined by the measurement of the harmonic 
content or of the sum and difference components. 
It also has been shown that variations in the 
power supply voltages play an important role in 
the operation of the set. Furthermore, it has been 
pointed out that to complete the investigation of 
the performance characteristics of a set the 
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action of any special devices which are used to 
control the response have to be evaluated. 

It is hoped that this discussion will promote 
uniformity in the measurement of hearing aids 
and, as a result, in the information regarding 
their performance. 

In the preparation of the material contained in 
this paper the author has been greatly aided by 
Mr. W. Kalin. The field corrections are based on 
measurements made by Mr. H. J. Michael to 
whom the author wishes to acknowledge his 
sincere appreciation. Thanks are also due to Mr. 
E. E. Mott who first instructed the author in the 
use of couplers for making receiver calibrations. 
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Lip Vibrations in a Cornet Mouthpiece* 


DANIEL W. MARTIN 
Physics Department, University of Illinois, Urbana, Illinois 
(Received October 28, 1941) 


BRASS wind instrument may be considered 

as consisting of the player’s lips which act 
as the source of vibration, and the horn which is 
an acoustical system with selective transmission 
and radiation characteristics. 

Webster! and Richardson? have advanced 
hypotheses concerning the action occurring at 
the mouthpiece. The former author suggests 
that “the principle employed is that of the 
squeaky faucet or fluttering safety valve. A spring 
of variable tension holds the valve in place and 
the proper pressure causes a puff of air, which 
generates a sound wave in the horn, which on 
reflexion arrives at the valve in the proper 
phase to maintain vibration.”” Richardson con- 
siders a combination of valve action and edge- 
tone production. 

This paper describes a photographic experi- 
mental study of the lip action at a cornet mouth- 
piece. Lip action is dependent upon reaction from 
the horn, and horn properties are in turn de- 
pendent upon the lips since one end of the horn 
is terminated by them. Therefore isolation of 
these two parts of the instrument either for 
theoretical consideration or for experiment is 
permissible only if the missing part is replaced 
by something nearly equivalent to it. To obviate 
such replacement the experimental mouthpiece 
shown in Fig. 1 was used. 

I is a Lucite rim which is threaded to JJ, the 
brass ring which is the body of the unit. JJJ is a 
Lucite plug which provides a window facing the 
lips of the player. IV is a brass tube tapered 
like the similar part of a conventional mouth- 
piece. V is a small probe tube used in another 
experiment. The radius of the rim and the 
depth of the cavity are equal to the correspond- 
ing dimensions of a cornet mouthpiece, making 





*This paper was presented at the Rochester Meeting 
of the Acoustical Society of America, May 5, 1941. It is 
the first of several which are based on the thesis submitted 
by the author in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Physics at the 
University of Illinois. 

' Webster, Phys. Rev. 13, 164 (1919). 

— Acoustics of Orchestral Instruments (Arnold, 


the volume somewhat larger than usual, and 
lowering the normal frequencies appreciably 
(e.g., about 5 cycles at 230 c.p.s.). The higher 
harmonics in the acoustic spectrum were dimin- 
ished slightly, as might be expected when the 
acoustic capacitance of the cavity is increased. 
Since the mouthpiece is used only for photo- 
graphic purposes, the changes in frequency and 
spectrum are unimportant as long as the lips 
act in a nearly normal manner. 

Three types of photographs were made. Single 
pictures having random phase relationship were 
taken with a General Radio Strobolux and 
Kodatron Panchromatic film. To correlate the 
pictures with a time scale, apparatus was used 
as shown in Fig. 2. The flashing rate of about 50 
per second was set just enough below an integral 
divisor of the vibration frequency to give the 
desired positive phase shift between consecutive 
pictures. Use of less sensitive film than in the 
single pictures required moving the lamp from 
the unit to within several inches of the mouth- 
piece. Application of a liquid of low surface 
tension kept the breath from fogging the Lucite 
window. The third type of picture was obtained 
by interchanging lamp and camera positions to 
photograph the vibration along the axis of the 
mouthpiece. Distortion by the,action of*the 
Lucite rim as a cylindrical lens did not affect 
the measurements taken along the axis of the 
mouthpiece. Samples of all three types of pic- 
tures are shown in Fig. 3. 

Phase shifts between consecutive pictures 
varied from one trial to another, from one-sixth 


TABLE |. Harmonic analysis of lip separation curves 
for cornet. 








Fundamental frequency 





225 340 460 570 690 
LG LG LG LG LG 
be- be- be- be- be- 
No. of Amp. low Amp. low Amp. low Amp. low Amp. low 
harmonic mm fund. mm fund. mm fund. mm fund. mm fund. 
1 1.20 — 0.77 — 067 — 054 — 036 — 
2 0.18 17 O13 16 = O11 16 0.08 17 0.06 16 
3 0.05 27 0.08 20 0.08 18 0.05 21 0.03 22 
4 0.05 27 004 26 003 27 003 25 0.03 22 
Constant 1.28 0.76 0.66 0.59 0.50 
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to one-twentieth of a vibration. Lip separation 
at the center was measured for the front views 
and the axial displacement for both lips on the 
side views so that both vertical and horizontal 
components of the motion were determined. 
Zero phase was assigned to pictures showing 
zero lip separation and to those in which the 
upper lip had minimum axial displacement. 
Phase was assigned to other pictures on the 
assumption that the frequency of lip vibration 


Fic. 1. Experimental 
mouthpiece. 





and the flashing rate remained constant for 
intervals of two-fifths of a second or less. The 
constancy of measurements on pictures taken 
with the frequencies nearly synchronous justified 
the assumption. 

In a given set of data, all values corresponding 
to phases lying in the same ten degree interval 
were averaged to obtain the ordinates of the 
points shown in Figs. 4 and 5. On account of 
small uncontrollable frequency fluctuations in a 
note played by a performer, it would be worth 
while to take the pictures at a much faster rate, 
when facilities are available, making such aver- 
aging unnecessary. About 150 pictures were 
measured to plot each curve. 

It is estimated that the tones were played 
mezzo forte, although no serious attempt was 
made to maintain constant musical expression 
of loudness. Frequencies shown in the figures are 
approximate, the notes played being the series 
with no keys pressed. 

As expected, the amplitude decreases markedly 
with increasing frequency for both separation 
and axial vibration curves. The front surfaces of 
the upper and lower lips become farther apart as 
the frequency rises, and the upper lip does most 
of the vibrating on high notes. The phase at 
which maximum separation occurs increases with 
frequency. 
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The conductivity of a small orifice depends 
upon the shape, cross-sectional area, and depth, 
Sivian* has shown that the relation is not simple 
even in the geometrical cases of circular and 
rectangular orifices. If lip separation remains 
small compared to the length of the orifice, one 
might for theoretical consideration replace the 
lip orifice by a rectangular opening of equivalent 
area, comparable length, and variable width. At 
high frequencies the lip orifice area is nearly 
proportional to the central separation, as shown 
in Fig. 6. At such frequencies an harmonic 
analysis of a separation curve will provide a 
mathematical expression for the area function 
also. For the larger amplitudes at low frequencies, 
however, the ratio of area to separation is not 
constant. Harmonic analyses of the curves in 
Fig. 4 are tabulated in Table I. These were made 
by the Runge method using the tabulation 
scheme of Grover.’ Comparison of the analyses 
is made directly by expressing the amplitudes in 
logarithmic units (LG= 20 logo a,/a,) below the 
fundamental amplitude for that frequency. 

Ordinates chosen for the analysis were esti- 
mated only to 0.02 mm, so the smallest amplitude 
values in the table are meaningless. The analyses 
are more similar at different frequencies than 
one might anticipate, indicating that the differ- 
ences between this type of analysis for a low 
note and that for a high note are not in any way 
comparable to the large differences observed in 
the acoustic spectrum of the instrument when 
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Fic. 2. Lip-vibration photography. Schematic 
drawing of apparatus. 


?Sivian, J. Acous. Soc. Am. 7, 94 (1935). 
‘Runge, Zeits. f. Math. und Physik 48, 443 (1903). 
5 Grover, Bull. Nat. Bur. Stand. 9, 567 (1913). 


th 
le 
th 
th 
he 


at 


LIP VIBRATIONS IN A CORNET MOUTHPIECE 307 


nds 
th. 
iple 
and 
1ins 
one 
the 
lent 
At 
arly 
own 
onic 


‘a te) otal ote 





- 







<= ee = ye 


ea 
tion 


“ies, 
not 
$ in 
ade 


Ln ee ee ek ek 


tion : 
(a) (b) (c) 

VSes ’ ae ’ : } 

wif Fic. 3. Lip vibration at low frequency. a—single flash; b—front view series; 

ihe c—side view series. 

the 

these same notes are played. This observation REMARKS 

leads one to conclude that major differences in 


. e = L 
ude the acoustic spectra for different notes playéd on 


esti- ‘ii ; ' ; , 
The factors influencing lip action are so 


numerous as to require further experiment before 





























yses > Me > > “ » » > iec » ‘ 4 
h the same cornet are due to properties “ the adequate quantitative theory can be formulated. 
an » medi ' ; , 
” horn or of the medium in the horn or both, Wehater stated that the arrival of the coleeend 
tter- and not primarily due to lip action. 
low 2 UPPER LIP LOWER LIP 
way 
d in 
‘hen 
= 
5 
= ' 
2 
. a 
- 
: 
é o 
4 ra) 
a S 0 60 120 180 240 300 360 
5 
2 
460~ 
2 
1 
' 
; oa 8 ia 
° 60 120 180 240 300 360 ° 
° 60 120 180 240 300 360 
PHASE - DEGREES PHASE - DEGREES 


Fic. 4. Lip-vibration curves for cornet of central separation Fic. 5. Lip-vibration curves of displacement of the lips 
of the lips. along the mouthpiece axis of cornet. 





DANIEL W. 


LIP SEPARATION - MM 


s 


10 is 20 
AREA - SQ. MM 


Fic. 6. Central separation vs. area of lip opening. 


pressure wave regulates the lip-vibration fre- 
quency. Yet a player can control the frequency 
enough to force the tone sharp or flat, and an 
expert player can produce a continuous change 
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of frequency in the high register. At high fre. 
quencies reflection at the bell of the horn js 
small so that the horn acts only as a transmitter, 
having little regulating effect on the frequency, 
An analysis of lip action in a mouthpiece coupled 
to an infinitely long horn would provide aq 
solution which could be modified when the 
amount of reflection at the bell has been de. 
termined for the lower frequency range. 
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Directivity and the Acoustic Spectra of Brass Wind Instruments* 


DANIEL W. MARTIN 
Physics Department, University of Illinois, Urbana, Illinois 
(Received November 13, 1941) 


NVESTIGATORS in musical acoustics have 

noted that a single-point harmonic analysis 
of the pressure wave radiating from a musical 
instrument is not an adequate physical expres- 
sion of the instrument’s acoustic output. For 
example, Northrop! has shown that the harmonic 
analysis of the pressure wave from an organ pipe 
changes significantly as the relative position of 
source and receiver is changed. Another example 
of such variation is shown in Fig. 1 where the 
harmonic analysis of a pressure wave is plotted 
as a function of angle for a cornet. The cornet 
was played mechanically by a device described 
in a previous paper,” and the analysis was made 
with a Hewlett-Packard 300A wave analyzer. 
The source and receiver were located on a 
framework built at the edge of a fourth story 
roof, and tests showed that this arrangement 
provided a free field essentially. 

It is observed that for this high note, the 
intensity level of each harmonic decreases as the 
angle with the axis of the horn increases (180° 
represents the axis of the horn). Also the rate 
of decrease of intensity level becomes greater as 
the number of the harmonic increases so that 
the relative intensities of the harmonics depend 
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Fic. 1. Angular dependence of cornet tone analysis. 


* This paper was presented at the Twenty-Sixth Meeting 
of the Acoustical Society of America in New York, October 
25, 1941. It is the second of several which are based on 
the thesis submitted by the author in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy 
in Physics at the University of Illinois. 

'P. A. Northrop, J. Acous. Soc. Am. 12, 90 (1940). 

*D. W. Martin, J. Acous. Soc. Am. 12, 467A (1941). 


upon angle. This would be anticipated from the 
greater directivity of the horn at higher fre- 
quencies. The distaste for high frequency sounds 
often expressed by listeners, combined with this 
high frequency directivity, gives an explanation 
for the unpleasant effect one notices when a 
brass instrument is pointed directly at him at 
close range. In open-air concerts, in large 
auditoriums or music halls, or in broadcast and 
recording of instrumental music, the direction 
which the player faces becomes important. 
Even for low tones the factor is significant for 
brass instruments, because their prominent high 
harmonics are directional. 

It is recognized that these directional proper- 
ties are inherent in the instruments as long as 
conventional designs are used. It is not proposed 
that present instruments be redesigned to make 
them less directional, because such changes 
would alter the instruments so radically that the 
new instrument would probably sound very 
little like the older model. Rather it is the 
purpose of the author to present a method 


Fic. 2. Driver and pick-up system. 


applicable to tests, classification, and standard- 
ization of instruments. 

What a listener hears will depend upon his 
position relative to the instrument and the 
surroundings. What one desires in describing 
the sound spectrum of the instrument is a 
characteristic of the instrument itself. Probably 
an expression of the power output at each 
harmonic frequency would be the simplest single 
expression of acoustic output which would be 
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Fic. 3. Sound pressure vs. azimuth angle for cornet. 
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an improvement on the single-point analysis, 
although a family of curves showing how the 
pressure wave analysis changes with position 
would give more complete information. Use of a 
power output analysis would recognize the 
existence of radiation properties in the summa- 
tion process. Furthermore, such an acoustic 
- spectrum could be more easily related in theory 
to the driving force and to the transmission 
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Fic. 4. Sound pressure vs. azimuth angle for French horn. 


properties of the instrument. It is probable that 
tests made on the same instrument by different 
reliable methods used in different surroundings 
would be in better agreement if the acoustic 
power spectrum were used exclusively. 

The following experiments furnish an example 
showing how such an acoustic power spectrum 
may be obtained. As shown in Fig. 2, a cornet 
was played by a system consisting of an electrical 
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555 driving unit fitted with a brass conical microphone from the room below the free field 
adapter. A pulley system made possible the apparatus, where the electrical equipment was 
x PURE TONE ([ORIVER] also located. 

@ HARMONIC OF COMPLEX TONE The relative sound pressure was measured as 
a function of azimuth angle at various radius 
values; this was done for several of the normal 
frequencies of the instrument and for two 
frequencies above the range in which resonances 
are observed. The results are plotted in Fig. 3. 
These curves were drawn through most of the 
experimental points, and since measurements 
were taken at least every ten degrees, the 
experimental points are omitted. Similar results 
for French horn are shown in Fig. 4. After the 
modification of the driving system to accommo- 
date the French horn, direct radiation from the 
20 driver interfered to some extent with measure- 
ments on one side of the horn at high frequencies. 
el. \ v= 4750~ Lines of equal amplitude such as those shown 
in Fig. 5 for cornet are perhaps better for wholly 

descriptive purposes than Figs. 3 and 4. 
, a a From these curves it is apparent that all of 
het ANGLE - DEGREES the frequencies from those of the lowest tones 
cal Fic. 6. Comparison of directional measurement methods. played to the highest audible harmonics of the 
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Fic. 7. Axial analysis conversion factor. 


highest tones played, can be separated into three 
ranges. The first range includes all of the low 
frequencies for which the horn is nearly non- 
directional. The third includes all of the high 
frequencies for which the horn is quite directional 
along the axis. The second or intermediate 
range includes all of the frequencies for which 
the curves are irregular and not so easily pre- 
dicted. From these curves one can assign rough 
limits of 300 and 800 c.p.s. to the intermediate 
range for cornet. When the intermediate range 
is thus defined, the low and high ranges are 
automatically defined to be below 300 and above 
800 c.p.s., respectively. Measurements on the 
French horn indicate that the limits for its 
intermediate range are roughly 200 and 500 c.p.s. 

The behavior of the horn as an almost non- 
directional source at low frequencies is under- 
standable, since the wave-length is quite large 
compared to the circumference of the bell, and 
the extended source acts like a point source. 
At high frequencies when the wave-length is 
shorter than the bell circumference, very little 
reflection occurs at the bell, and the wave front 
spreads out less rapidly than the flare of the horn, 
resulting in pronounced directionality. Variations 
in the curves for different radii demonstrate the 
necessity of measuring directional characteristics 
at a sufficiently great radial distance. 

This type of data may be used to determine 
the way in which the pressure wave analysis for 
cornet varies as a function of azimuth angle. 
In support of this statement, Fig. 6 shows a 
comparison of the actual analysis in Fig. 1 with 
what would be expected using these data. Only 
three of the frequencies at which directional 
characteristics were plotted were near harmonic 
frequencies of the complex tone, but the data 
for these three frequencies are in close agreement. 
For the comparison, the scales of all the curves 
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were adjusted to make peak values arbitrarily 
30 units. 

Also for the expression of acoustic power 
spectra these data have application. It jg 
convenient to define a function for a horn as 
follows: the ratio between the power output of 
the horn and the power output of a non-direc. 
tional source having the same pressure amplitude 
as on the axis of the horn. Figure 7 shows this 
function for the cornet used in the experiment, 
plotted on both linear and decibel scales. The 
points used in plotting this function were 
obtained by using the pressure vs. angle curves 
for r=150 cm, a distance great enough that use 
of the plane wave expression, P?/poC, for in- 
tensity is valid except for the lowest frequencies, 
Graphical integration of the intensity over a 
sphere gave the power values used in plotting 
these curves. Diffraction effects in the inter- 
mediate frequency region would require the 
plotting of more points before a solid curve 
should be drawn in this region. The R curve 
should be close to a value of 1 for low frequencies 
and approach zero smoothly in the high fre- 
quency range. On a logarithmic scale the decrease 
is seen to be quite rapid above seven or eight 
hundred cycles. This curve is used to convert 
an axial pressure wave analysis to a power 
analysis. An example of such a conversion is 
shown in Fig. 8. The single-point analysis is 
seen to overestimate the relative level of the 
higher harmonics by as much as 15 db. The 
same conversion curve can be used with reason- 
ably accurate results for any cornet, as shown in 
Fig. 9, which compares the pressure vs. angle 
measurements for two different models of cornet 
and a trumpet. Not enough data are yet available 
to plot a conversion curve for French horn, but 
due to its larger bell its conversion curve would 
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Fic. 8. Conversion from axial pressure wave analysis to 
acoustic power spectrum. 
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begin to slope downward at a lower frequency 
than shown for cornet. It should be noted that 
almost any reasonable change could be made in 
the mouthpiece of a cornet or in any part of the 
tubing except the bell without affecting the 
conversion curve. 

In this example of a method for obtaining 
acoustic power spectra, an instrument has been 
used which has properties which simplify the 
application of the method. The walls of a 
cornet vibrate so little that sound due to this 
vibration is masked by sound radiated from the 
bell, as shown in a recent paper by Knauss and 
Yeager2 The symmetry of the directional 
characteristics of a cornet simplifies the process 
of integration. One immediately thinks of 
instruments for which neither condition holds. 
Integration methods employing acoustical and 
electrical techniques will be found applicable in 
such cases. 

It is hoped that the acoustic power spectrum 
will find wider use in describing the output of 
musical instruments, and that more attention 
will be given to the directive properties of instru- 
ments when they are found to be significant. 


3H. P. Knauss and W. J. Yeager, J. Acous. Soc. Am. 
13, 160 (1941). 
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Fic. 9. Sound pressure vs. azimuth angle: comparison of 
three instruments. 


The author wishes to thank Professor F. R. 
Watson and Dr. R. H. Bolt for their encourage- 
ment and helpful criticism, and to acknowledge 
the loan of instruments by C. G. Conn, Ltd. 
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Acoustical Society News 


Two Past Presidents of the Acoustical Society Retire from Their Universities 


13 





Professor Emeritus F. R. Watson Professor Emeritus F. A. Saunders 


ITHIN the past year Professor F. R. Watson and Professor F. A. 
Saunders, former Presidents of the Acoustical Society, have retired 
from their teaching positions with their respective universities. 

Professor F. R. Watson, who has left the University of Illinois, is well 
known to all members of the Acoustical Society for his books and studies in 
the field of architectural acoustics. He was for many years Editor of this 
Journal, until 1939 when his presidential term began. He has now moved 
to Los Angeles and is active with one of the research groups in that vicinity. 

Professor F. A. Saunders has retired from the Chairmanship of the De- 
partment of Physics at Harvard University and now lives in a new house 
which he has built in the Berkshires. For some years his principal research 
interest has been the investigation of the influence of the structural details 
of violins upon their tone quality. He is continuing these investigations and 
is studying the mechanical properties of violin woods and the influence of 
the filler and varnish. 

Both of these gentlemen were in attendance at our recent New York meeting 
and contributed to the pleasure and festivity of the occasion with their obvious 
high spirits and interesting conversation. We wish to congratulate them on 
having reached this milestone in their careers. 
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Biennial Award for Noteworthy Contributions 


to Acoustics 
OR several the Executive Council of the 
Acoustical Society of America has had under con- 
sideration some type of award to encourage the younger 
members of the Society in their research activities. A 
special committee was appointed for the purpose and, 
after studying various suggestions proposed, made the 
report which is quoted below and which was adopted by 
the Executive Council. The first award will be made at the 
Ann Arbor meeting on May 15 and 16, 1942. 


years 


‘“‘An award of one hundred dollars ($100) shall be 
made biennially, at the time of each of the Spring 
meetings of the Acoustical Society of America held in 
even-numbered years after 1940, to a member or 
fellow of the Society who is under 35 years of age and 
who, during a period of two or more years immediately 
preceding the award, has been active in the affairs of 
the Society and has contributed substantially, through 
published papers, to the advancement of theoretical 
and/or applied acoustics. The award shall be made in 
1942 and each even-numbered year thereafter. Its 
purpose shall be to foster and reward meritorious work 
and service among the younger men in the Society. 

“The person to receive the award each time shall 
be chosen in the following manner. At the time of the 
Spring meeting in 1941 and each odd-numbered year 
thereafter, the President shall appoint a committee 
composed of three members of the Executive Council, 
designating one of them to serve as chairman. The 
committee shall serve for one award period. One 
member of the committee appointed each time (but 
not the chairman) shall be re-appointed and serve as 
chairman for the following period. The members of 
the committee shall investigate the contributions to 
acoustics of all persons who are eligible for the award 
and shall then select the three persons whom they 
regard as most worthy of nomination. The three 
persons shall be ranked in the order of the committee’s 
estimation of their relative merit. The selection shall 
be made prior to the time of the Fall meeting next 
succeeding the appointment of the committee, and 
shall be reported to the Executive Council at that 
meeting. The Executive Council, by a method it deems 
appropriate, shall select from the committee’s list the 
person to receive the award. The official announce- 
ment of the award shall be made with suitable cere- 
monies at the next following Spring dinner of the 
Society. 

“Any person who has once received the award shall 
not be eligible to receive it again.” 


Notice to Physicists 


T is important that every physicist in the United States 
be registered in the National Roster of Scientific and 
Specialized Personnel. This is true for holders of Bachelor’s 
degrees as well as holders of more advanced degrees. Your 
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registration will help defense authorities to know the 
scientific capacity of the nation and to plan projects and 
training programs accordingly. Your registration may be 
important to you in helping to assure you appropriate 
opportunities for work in National Defense. It may save 
you from assignments in which your specialized ability 
would be wasted. 

If you have not enrolled, send at once for a question- 
naire and a check list for your field. Be sure to specify the 
field (physics, radio, chemistry, or whatever it is). 

If you have enrolled you will shortly receive a new ques- 
tionnaire designed to bring up to date the information in 
the Roster. Do not fail to return it completely answered. 

Note: It is especially important for all physicists already 
engaged in National Defense work to be correctly registered 
in the Roster. This will prevent the making of recom- 
mendations for personnel transfers which would be dis- 
turbing both to the individuals concerned and to defense 
projects and industries. It is also essential for the govern- 
ment to know what percentage of the experts in any field 
are employed on defense projects and thus to anticipate 
serious shortages and deal with them intelligently. 

Heads of physics departments in Colleges and Univer- 
sities are urged to canvass their staffs and their graduate 
students, and to submit to the National Roster the names 
of any not registered. 


NATIONAL ROSTER OF SCIENTIFIC AND 
SPECIALIZED PERSONNEL 
930 F Street N.W. 
Washington, D. C. 
The above message is published in The Journal of the Acoustical 


Society of America by the American Institute of Physics which is 
extending full cooperation to the National Roster. 


New Members 








Arvid Englebert Anderson 
133 E. 3rd Street 

Media, Pennsylvania 
Electrical Engineer 
General Electric Company 
6901 Elmwood Avenue 
Philadelphia, Pennsylvania 


Leslie John Anderson 

135 West 43rd Street 

Indianapolis, Indiana 

Acoustical Engineering 

Development, RCA Manu- 
facturing Company 

Indianapolis, Indiana 


Vincent H. Bach 

616 E. Lincoln Avenue 

Mt. Vernon, New York 

Musical Instrument Manu- 
facturer 

621 E. 216 Street, 
York, New York 


New 


Theron Lorimer Bowser 

100 Carlson Road 

Rochester, New York 

Telephone Research En- 
gineer 

Research Division, Strom- 
berg-Carlson Telephone 

Manufacturing Company 


Richard Kemp Brown 

7 Irving Terrace 

Cambridge, Massachusetts 

Research Physicist 

Cruft Laboratory, Harvard 
University 

Cambridge, Massachusetts 


Richmond LaComber Car- 
dinell 

Box 412, Packanack Lake, 
New Jersey 

Research Engineer 

Stevens Institute of Tech- 
nology 

Hoboken, New Jersey 
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John Cataldo 

716 Highland Avenue, New- 
ark, New Jersey 

Engineer, Rangertone, Inc. 

73 Winthrop Street, New- 
ark, New Jersey 


Yuen Ren Chao 

27 Walker Street, Cam- 
bridge, Massachusetts 

Research and teaching 

Boylston Hall, 
University 

Cambridge, Massachusetts 


Harvard 


Peter Chrzanowski 

Assistant Physicist 

National Bureau of Stand- 
ards 

Washington, D. C. 


Virden Robert Crawford, 
Teacher 

Canfield High School 

Canfield, Ohio 


John Peter Demesco 

Acoustical Engineer 

70 Park Avenue, Bloom- 
field, New Jersey 


Frank Joseph Faltico 

3420—17th Avenue, South 
Minneapolis, Minnesota 

Radio Engineer, The Maico 
Company, Inc. 

2632 Nicollet, Minneapolis, 
Minnesota 


Elgan Brooks Farris 
Professor of Engineering 
University of Kentucky 
Lexington, Kentucky 


Jerome Fisher, Teacher 
152 Fifth Avenue 
Brooklyn, New York 


Alfred Bosworth Focke 

Assistant Professor of Phys- 
ics, Brown University (on 
leave) 

Bureau of Ordnance, Navy 
Department 

Washington, D.C. 
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Donald S. Fried 

335 East 45 Street, New 
York, New York 

Acoustical Contractor 

Jacobson and Company, 
Inc. 


New York, New York 


Max Leyland Graham 

6270 North Delaware St. 

Indianapolis, Indiana 

Development Engineer 
(Acoustics) 

RCA Manufacturing Com- 
pany 

Indianapolis, Indiana 


Henry Vose Greenough, Jr. 

12 Story Street, Cambridge, 
Massachusetts 

Research Assistant and Re- 
cording Engineer 

Massachusetts Institute of 
Technology, Cambridge, 
Massachusetts 


Emil Henry Greibach, Re- 
search Engineer 

163 Ocean Avenue 

Brooklyn, New York 


Floyd K. Harvey 

341 East 8th Street, Brook- 
lyn, New York 

Engineer, Bell Telephone 
Laboratories 

463 West Street, New York, 
New York 


J. Burney Haynes 

Box 271, New 
Connecticut 

Research Physicist 

Columbia University 

National Defense Labora- 
tory, New York, New 
York 


London, 


Francis L. Hopper 

Electrical Research Prod- 
ucts, Inc. 

Engineer, Sound recording 

6601 Romaine Street 

Hollywood, California 


George D. Hulst, Jr. 
Engineer 

RCA License Laboratory 
711 Fifth Avenue 

New York, New York 
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Victor Jacobson, President 

Jacobson & Company, Inc. 

335 E. 45 Street, New York, 
New York 


George Edward Jaycox 

651 State Street, Bridge- 
port, Connecticut 

Plant Manager 

Columbia Recording Cor- 
poration 

1473 Barnum Avenue 

Bridgeport, Connecticut 


Eldon King Jerome 

Assistant Director, Speech 
Clinic 

Instructor in Speech 

Speech Clinic, Purdue Uni- 
versity 

West Lafayette, Indiana 

John Kepke, Mechanical 
Engineer 

1 Grace Court 

Brooklyn, New York 


Arthur Thorvald Kvaas 

1917 Holmby Avenue 

West Los Angeles, Cali- 
fornia 

Graduate Student, Univer- 
sity of California at Los 
Angeles 


Richard Newton Lane 

805 North LaSalle Street 

Indianapolis, Indiana 

Engineer, RCA Manufac- 
turing Company 

Indianapolis, Indiana 


Ernest Maitland LaPrade 

Director of Music Research 

National Broadcasting 
Company 

30 Rockefeller Plaza 

New York, New York 


Ralph L. Leadbetter 

520 Knollwood 
Wheaton, Illinois 

Engineer, Burgess Battery 


Drive, 


Company 
500 West Huron ° Street, 
Chicago, Illinois 


Karl Lowy, Physician 

627 Main Street West, 
Rochester, New York 

Department of Psychology, 
University of Rochester 

Rochester, New York 


Joe Glaze McCann 

Research Assistant, Engi- 
neering Experiment Sta- 
tion 

Ohio State University 

Columbus, Ohio 


Louis A. McNabb 

635 York Road, Glenview, 
Illinois 

Electronics Engineer 

4045 N. Rockwell Street, 
Chicago, Illinois 


Fred A. Manley 

931 Ogden Avenue, S.E., 
Grand Rapids, Michigan 

Sound Engineer, Altec Sery- 
ice Corp. 

2111 Woodward Avenue, 
Detroit, Michigan 


Robert Nelson Marshall 

152 Myrtle Avenue, Mill- 
burn, New Jersey 

Engineer, Specialty Prod- 
ucts Division 

Western Electric Company, 
Kearny, New Jersey 


Garrard Mountjoy 

9 Robin Road, Manhasset, 
Long Island, New York 

Engineer, RCA License 
Laboratory 

711 Fifth Avenue, New 
York, New York 


Giovanni Alberto Nesci 
Via Giulia, Villia Livia 
Reggio Calabria, Italy 
Sound Engineer, SAFA Stu- 


dios 


Robert B. Newman 

Research Assistant, Cruft 
Laboratory 

Harvard University 

Cambridge, Massachusetts 
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Alfred Wilson Nolle 

Graduate Student, Tutor 
in Physics 

University of Texas 

120 Physics Building, Uni- 
versity Station 

Austin, Texas 


John Drysdale Reid 

Box 67, Mount Healthy, 
Ohio 

Development, Crosley Cor- 
poration 

Cincinnati, Ohio 


Carl E. Rudiger 

522 Sherman Avenue, Haw- 
thorne, New York 

Engineer, Sonotone Cor- 
poration 

Elmsford, New York 


Hermann Scheibler 

Old Bedford Road 

R.F.D. #1, Port Chester, 
New York 

Vice-President and Director 
of Research 

Sonotone Corporation 

Elmsford, New York 


Paul Laurens Smith, Physi- 
cist 

Naval Research Laboratory 

Washington, D. C. 


Gordon W. Sweet 

Assistant Musical Director 
Queens College 

Charlotte, North Carolina 
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J. E. Tweeddale (Rein- 


stated) 
76 Varick Street, New York, 
New York 


Kingdon Scoville Tyler 

112-15 72nd Road 

Forest Hills, Long Island, 
New York 

Engineer, Columbia Broad- 
casting System 

485 Madison Avenue, New 
York, New York 


Heinrich D. W. Von Jenef 
2638 Summerdale Avenue 
Chicago, Illinois 

Chief Engineer 

Televiso Products, Inc. 
2400 N. Sheffield Avenue 
Chicago, Illinois 


Thomas Andrew Walters 
6000 Russell Street 
Detroit, Michigan 
Research Engineer 


Frederick Charles Willis 
R.F.D. Passaic Ave. 
Caldwell, New Jersey 
Electrical Engineer 

Bell Telephone Laboratories 
180 Varick Street 

New York, New York’ 


R. Allen Wilson 

2148 Ainslie Street, Chi- 
cago, Illinois 

Acoustical Department, 
The Celotex Corporation 

919 North Michigan Ave- 
nue, Chicago, Illinois 


J. Guy Woodward 

Mendenhall Laboratory of 
Physics 

Ohio State University 

Columbus, Ohio 

Graduate Assistant 


Dean E. Wooldridge 

Physicist 

463 West Street, New York, 
New York 


S. K. Wolfe (Reinstated) 
Acoustic Consultants, Inc. 
1270 Sixth Avenue 
Rockefeller Center 

New York, New York 


Deceased: Charles C. Potwin, Fellow 
Resigned: Francis Millet Rogers, Member 


Fellows 167 
Members 643 
Total membership 810 


Future Meetings 


The next meeting of the Acoustical Society will be held 
at the University of Michigan, Ann Arbor, Michigan, on 
Friday and Saturday, May 15 and 16. Those wishing to 
present papers should mail abstracts at once to the Pro- 
gram Committee, in care of F. A. Firestone. 


Erratum: Phase Distortion in Electroacoustic 
Systems 


(J. Acous. Soc. Am. 13, 115, 1941) 
FRANCIS M. WIENER 
Cruft Laboratory, Harvard University, Cambridge, Massachusetts 
ECAUSE of an error in drawing Fig. 3, p. 117, the 
lettering of the decibel scale omits the point —46. 
The curves are correct if used in conjunction with the 
corrected scale. 
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Charles C. Potwin 
1908-1941 
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Charles C. Potwin 


HE death of Charles C. Potwin on September 25, 1941, brought to a premature 
close the career of one of the nation’s most successful acoustical consultants. 
Only 33 when he died, Mr. Potwin, as a consultant on the staff of Electrical Research 
Products, Inc., was mainly responsible for the acoustical design of many of the 
country’s important auditoria and theaters. A Fellow and Treasurer of the Society, 
his short career was marked by a prodigious number of accomplishments. 


Mr. Potwin was born at Ivoryton, Connecticut, on April 27, 1908. After graduating 
from the Bliss Electrical School in Washington, D. C., in 1929, he came immediately 
to Electrical Research Products, Inc. where he remained until his death. His 
ability and thoroughness soon made him outstanding among acoustical experts. 
Quickly absorbing the knowledge of his associates and discoveries of his predecessors 
in the field, Mr. Potwin, through his originality, gave practical application to 
many of their theories. 


Beginning in 1934, Mr. Potwin’s articles appeared frequently in trade and 
technical magazines. His proposals on acoustics for motion picture theaters were 
presented in his writings for several of the trade publications. In January, 1939, 
Mr. Potwin began the contribution of a regular column on ‘‘Acoustics in Form 
and Decoration” for the magazine Better Theatres. 


Acoustical consultant for more than 500 auditoria and theaters throughout the 
world, Mr. Potwin became well known through the great success of the many 
projects on which he worked. Of his contributions to the work on the Kleinhans 
Music Hall in Buffalo, New York, Serge Koussevitzky, conductor of the Boston 
Symphony Orchestra, said, ‘““Never have I found any music hall so_ perfect 
acoustically.” 


The Theater and Arts Building of the University of Wisconsin, the orchestra 
shell for the Cleveland orchestra, the Music Hall of the University of Texas, and 
the Princeton Theater at Princeton University were all acoustically designed with 
Mr. Potwin as consultant. Another of his acoustical triumphs was the planning 
of the A. T. & T. exhibit at the N. Y. World’s Fair, particularly in the Voder room. 


It was his firm belief that acoustical engineering should be combined with archi- 
tecture before the construction of a building, rather than attempting to correct 
acoustical faults after the building has already been erected, and through his 
successful efforts, he contributed greatly to the employment of acoustical design. 
It is for his activities on this and related problems that he will perhaps be best 
remembered by the Society. 


Active almost until his death, Mr. Potwin devoted part of last summer to starting 
the preparation of a textbook on acoustics. After a career of only twelve years, 
Mr. Potwin has left behind him his own memorial, not only in the physical monu- 
ments which are the buildings to which he contributed so much, but in his in- 
tangible and invaluable efforts in the advancement of architectural acoustics itself. 
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Current Publications on Acoustics 


Reviews of Contemporary Papers 


EMBERS who have occasion to translate important papers from foreign journals will be 
doing a real service to those members who do not read the foreign languages easily, if they 
will prepare a review of such articles for publication in this section. 

These reviews should be of the nature of a lengthy abstract (500 to 1500 words) rather than a 
critique or appraisal, and should attempt to set forth in this limited space as much of the original 
author's contribution as possible. One or two figures may be included if desired. 

Particular articles in French or German periodicals will be translated and reviewed in these 
columns by request. Address requests to F. A. Firestone, 147 Randall Laboratory, University of 


Michigan, Ann Arbor, Michigan. 


Steady Circulations in the Kundt’s Tube. K. Schuster 
AND W. Martz, Akustische Zeits. 5, 349-352 (1940). Cir- 
culating air currents superimposed upon the vibratory 
motion in standing waves within tubes have been inves- 
tigated both experimentally! and theoretically,? but quan- 
titative comparison has hitherto been impossible because 
constants in the Rayleigh formula had not been evaluated. 
Beginning with the equation of motion for a viscous fluid, 
by the aid of certain approximations, the authors derive 
the following: 


_ 3 ar Pe (1 -) ‘ 
Uy= R cos 2az, 





8 c Cp 2 

a ae (1 =) = 
Wo= — —---— — -— }sin 2as. 

8 c cp? R? 


uo is the radial component of ‘‘wind” velocity and wo the 
component in the direction of the tube axis, at the point 
specified in cylindrical coordinates by r and z. a=w/c, is 
the ratio of the angular frequency to the velocity of 
sound, c. The density of the medium is given by p, and 
P, is the maximum sound pressure at a pressure antinode 
in the tube of radius R. 

In accordance with these equations, in the neighborhood 
of the tube axis air flows from vibration node to antinode, 
and returns in the opposite direction along the tube wall, 
Wo going to zero at r=0.707R. Notice that the viscosity 
coefficient does not appear, but this is a consequence of the 
approximation that the “‘friction-zone’”’ near the tube wall 
is thin enough to be neglected, for in reality viscosity is 
the underlying cause for the circulation. 

The maximum “wind” velocity is attained along the 
tube axis midway between a node and antinode, where 
31 P? 3Ue 


8ccp 8c 





Wo 


Uo means the maximum amplitude of the particle velocity 
at an antinode. 


900 $00 6l0\millibar* 
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Fic. 1. Maximum wind velocity as a function of the sound pressure: 
(a) calculated, (b) measured. 


A test of this last formula was conducted in a Kundt’s 
tube of 1.8 cm diameter. Cigarette smoke made the air 
currents visible. The velocities plotted in Fig. 1 were 
obtained with a stopwatch and the sound pressure by a 
Wien membrane manometer. The predicted linear relation 
with pressure squared is well satisfied, and the departure of 
the measured from the computed curve may be explained 
on the assumption that the smoke particles did not partake 


completely in the air motion. 
R. W. YounG 


1E. N. Da C. Andrade, Proc. Roy. Soc. Al34, 445-470 (1931). 
2 Lord Rayleigh, Phil. Trans. 175, 1 (1883). 
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Grundlagen und Ergebnisse der Ultraschallforschung. 
Econ HIEDEMANN. Pp. 287+ ix, Figs. 233, Tables 22. 
Walter de Gruyter and Co., Berlin, April, 1939. 

This book is the most comprehensive which has yet 
appeared on ultrasonics. It is larger than it seems; its 225 
pages of text, because of the free use of small type, average 
about 800 words each, giving a total of 180,000 words. 
Though similar in outline to the monograph by the same 
author published in Die Ergebnisse der Exakten Wissen- 
schaften in 1935, it is much more critically written and 
reflects the swift strides of the subject in the three years 
afterward, with its ramifications into all fields of science 
and technology. The four major divisions of the book are, 
respectively: I. The production of ultrasonic vibrations 
and waves. II. Methods of investigation of the sound field, 
including acoustical interferometry and the optical 
methods. III. Propagation of ultrasonic waves in gases, 
liquids and solids, including experimental results and their 
theoretical interpretation in such subjects as acoustic 
dispersion and absorption in gases and liquids and the 
measurement of elastic and elasto-optical constants of 
solids, including crystals. IV. Technical applications, 
including physical, chemical, and biological effects of waves 
of large amplitude, production of disperse systems, sus- 
pensions, the sonic testing of materials, examination of 
metals for flaws, effects on electro-deposits upon the 
texture of alloys, scattering of light, applications to tele- 
vision and to under water communications. Part IV will 
be most eagerly read by the industrial physicist. It con- 
tains much material from publications which he rarely 
sees, such as journals of glass or of metal technology, 
photography, biological chemistry, medicine, and many 
others, many of which are not covered by Science Abstracts. 
In the division of the subject as made by the author into 
methods, results, and practical applications, a certain 
duplication would seem to be inevitable. This, however, 
has been very skilfully avoided; various subdivisions and 
sections are complete in themselves so that a reader need 
have only a slight familiarity with the plan of the book to 
find all the sections having to do with a given topic. It is 
natural that optical methods of studying sound fields 
should be given a great deal of space by the author, who 
with his co-workers has done so much toward their 
development and application. One misses an account of 
Knudsen’s method of studying acoustic absorption in gas 
mixtures. Herzfeld’s theory of sound reflection seems not 
to be mentioned in the text, nor is there any treatment of 
Alleman’s study of the acoustic interferometer, although 
the work of Schreuer done in the author’s own laboratory 
no earlier is treated extensively. These omissions may in 
part be due to delays in printing, there being evidence that 
much of the book was written as of early 1938. The book is 
remarkably free from misprints and errors. The bibliog- 
raphy is noteworthy in that it lists more than twice as 
many references as any list in this subject previously 
reported, there being 1346 references, carrying the subject 
through 1938 and into 1939. A large number of references 
are to early papers in classical acoustics and vibration 





theory, of importance in the developments of ultrasonics 
which were to come later. A useful feature is the inclusion 
of a large number of references to the patent literature, 
particularly concerning technical application of vibrations 
of large amplitude, and underwater communications. 
Finally there is a convenient summary of references by 
subjects. This book is a fine example of its kind, authori- 
tative, accurate, and compact, but clear and interestingly 
written. It should be of great service to anyone seriously 
interested in the subject. 

J. C. HuBBARD 

Johns Hopkins University 


Physik und Technik des Tonfilms (Physics and Tech- 
nique of Sound Films). HuGo LicHTE AND ALBERT NARATH. 
Pp. 381, figs. 296. S. Hirzel, Leipzig, 1941. 


The present volume is a modernized revision of Tonfilm, 
Aufnahme und Wiedergabe nach dem Klang film- Verfahren 
(Sound film recording and reproducing according to the 
Klangfilm method) which was published in 1931 by H. 
Lichte (one of the present authors) and F. Fischer. The 
earlier book described only the methods and equipment of 
one organization. The present treatise, although reduced 
from 455 to 381 pages, undertakes to cover the entire 
sound film domain, including some related subjects such 
as sound on disc and magnetic tape. The large scope of the 
book is evident from the foliowing abridged list of con- 
tents: Loudspeakers, microphones, studio and theater 
acoustics, stereophonic sound, recording methods, light 
modulators, film propulsion, reproducing equipment, 
photographic theory, distortion and background noise, 
practical recording operations, and non-photographic 
sound recording methods. With such a large subject matter 
in a relatively new and still developing art it is only 
natural to find some omissions and errors. 

In discussing the difficulty of damping mechanical 
resonances of film and disk recorders, the authors seem 
unfamiliar with the stabilized feedback method of elec- 
trical damping which has been recently introduced in this 
country. 

Concerning magnetic tape recording, it is claimed that 
only the longitudinal method of magnetization has been 
found practical. As a matter of fact, American steel tape 
devices make use of transversal magnetization in order to 
obtain improved high frequency definition. 

A few misprints play tricks with the meaning of the text. 
On page 5, for instance, the magnetizing head slides over 
“barbed wire’ (Stachel Draht) instead of smooth “steel 
wire” (Stahl Draht). 

On page 107, the true wire temperature of a recording 
lamp at 4 volts input is given as 2550°, whereas 2650° fits 
the characteristic curve. 

But the very mentioning of these few shortcomings bears 
witness to the high level of the book as a whole. Notwith- 
standing their natural preference for the methods and 
equipment of their employers (the German film combine), 
the authors have fulfilled their task so well that a careful 
student of their book will be familiar with most important 
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problems of sound film engineering. The volume is likely 
to remain a useful compendium and textbook for quite a 
number of years, before the never-ending technical progress 
requires a new revision. 

W. J. ALBERSHEIM 

Electrical Research Products, Inc. 


Hearing Aids. FRED W. KRaAwnz. Pp. 49, figs. 18. Sono- 
tone Corp., Elmsford, N. Y. 

This little book is a primer on the subject of hearing 
aids written from the standpoint of the physicist for the 
principal purpose of enlightening the doctor so that he 
may proceed intelligently. It deals with the structure of 
various types of hearing aids, describes the carbon am- 
plifier and vacuum tube amplifier, discusses the audi- 
ometer, and outlines the method of interpreting the 
audiogram in specifying the type of hearing aid to be 
worn. The question of power output and amplification of 
hearing aids is dealt with. 

The style is very lucid and the explanations should be 
understood by those not technically trained. The book 
would be of interest to students in acoustics. 

F. A. FIRESTONE 
University of Michigan 


Acoustics of Buildings. F. R. Watson. Third edition. 
Pp. 117. John Wiley and Sons, Inc., New York. Price $3.00. 

This third edition of Professor Watson’s well-known 
work on architectural acoustics constitutes an extensive 
revision and modernization of the last edition. New 
illustrations and examples are cited, with numerous 
references to investigational work. There are an unusual 
number of plans and photographs of modern auditoria 
including descriptions of their principal acoustical features 
and a discussion of the philosophy underlying their design. 

In attempting to teach a required course in archi- 
tectural acoustics to students in architecture, this reviewer 
has never been able to inspire any very large percentage of 
such students with that zeal for advanced knowledge of 
acoustical problems which would motivate them to an 
exacting mathematical study of the subject. A considerable 
fraction of the architectural students are of an artistic 
bent rather than scientific. They can be induced to compute 
0.05 V/a and by special coaching can learn how to look 
up a logarithm, but they are far from being willing or 
able to comprehend the more advanced textbooks on the 
subject. For such students, Professor Watson's ‘‘picture 
book”’ will serve as a source of information concerning 
what is known about this subject and will teach them how 
to solve the easier problems for themselves; they will 
learn that many of the more advanced acoustical problems 
are amenable to scientific analysis and will know when to 
call in an acoustical engineer who has studied the more 
advanced books. 

Since the writing of a review gives the reviewer an 
opportunity to air his pet peeve, we will now point out that 
on page 9 Professor Watson defines intensity as the flow of 
sound energy per second through unit area, and then 
proceeds to use the term intensity throughout most of the 
remainder of the book with the evident meaning of sound 


energy density. This is the second book on architectural 
acoustics to appear recently with this same discrepancy 
between definition and usage of the word intensity. We 
sympathize with these authors, for they find themselves 
faced with an awkward situation. For several decades the 
word intensity has been used by the architectural acoys- 
ticians in the sense of energy density, but the American 
Standards Association a few years ago defined intensity 
as energy flux density, which was consistent with the usage 
of those interested in other branches of acoustics. The 
authors of books on architectural acoustics, many of whom 
voted in committee to approve the new restricted meaning 
definition, now find themselves without ‘‘a name for it” 
when they wish to speak of the thing which is reputed to 
decay exponentially in reverberation. They therefore hold 
with A.S.A. when writing their definitions, but the older, 
more general meaning reverberates throughout their usage. 
The fact is, that A.S.A. notwithstanding, the word in- 
tensity has been used in the past, and will apparently be 
used in the future, to refer loosely to the magnitude of a 
sound; it may mean energy flux density, sound pressure, 
particle velocity, volume velocity, etc. If any one of these 
quantities has increased, you will find many men of 
erudition who will assert that ‘‘the intensity has increased.” 
But it is indeed a dangerous word and is often used to 
save the speaker the necessity of actually figuring ouc 
exactly what he does mean; oft-times, one’s ideas can be 
clarified by striking out the word intensity and substituting 
a more exact term. Even those who consistently use 
intensity according to A.S.A. definition will be misunder- 
stood by many of their listeners who hold to the broader 
meanings of the term. In general, it is difficult to take a 
scientific word which has been used for decades in a 
variety of meanings, and then tie it down to a single 
meaning. Those who wish to be not misunderstood, will 
not use the word intensity at all. 

Professor Watson’s book will be a very useful text. 
Its usefulness to students has been very much enhanced in 
this edition by the inclusion of a large number of problems. 

F. A. FIRESTONE 
University of Michigan 


Musical Acoustics. CHARLES C. CULVER. Pp. 174, 
Figs. 128. The Blakiston Company, Philadelphia. Price 
$2.50. 

So much has been written by musicians on the subject of 
musical acoustics that has contained only a small per- 
centage of truth according to the standards of physicists, 
that it is very pleasant to find a modern book on this 
subject written by a physicist. One is surprised on looking 
through this book, to find how much the physicist has 
learned concerning acoustical problems relating to music; 
in fact, much has been learned within the last decade and 
is very clearly expounded here. 

The subjects covered include the physical nature of 
sound, the explanation of the hearing process and the 
auditory diagram, musical intervals and temperament, the 
acoustics of rooms, and the theory of many types of musical 
instruments, including electronic instruments. A most 
valuable and instructive feature is the large number of 
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acoustic spectra and oscillograms of wave forms of the 
sounds from the various instruments, many of which were 
recorded by the author himself. Another original contribu- 
tion by Professor Culver is the “‘synthephone”’ an instru- 
ment which generates a multiplicity of pure harmonic 
tones which can be mixed for listening to different tone 
qualities. To the best of my knowledge, Culver was the 
first to publish a description of the rotating toothed wheel 
electrostatic generators used in the synthephone and to 
specify the shape of the toothed wheel necessary in order 
that each generator should yield a pure wave form; this 
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type of generator deserves to be more widely known among 


acoustical engineers. 


It may be noted in passing that the same discrepancy 
between the definition and usage of the word ‘‘intensity” 
pointed out in the above review, is to be found here, but 
in general the book is highly accurate. 

This work is very clearly written, up to date, and well 
illustrated and will certainly serve as an excellent text 
for both students of music and acoustics. 


F. A. FIRESTONE 
University of Michigan 


References to Contemporary Papers on Acoustics 


M°" of the titles of papers appearing in other languages than English have been translated. 
Abstracts in English of many foreign papers have appeared or soon will appear in Science 
Abstracts, Section A. Where references are made to Science Abstracts, the reference is to the volume 
number and abstract number. The abbreviations of the names of journals are those used in Science 
Abstracts and can be found in any annual index to those abstracts. 

The numbers appearing at the head of each entry are the numbers which identify the subject 
headings in the Cumulative Index of this journal issued in November, 1939. The same Classification 
of Subjects can be found in the index to Volume 12. 


Compiled with the generous assistance of Samuel Sass, Physics Librarian, University of Michigan. 
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Sound Radiation Pressure in Liquids and Gases in 
Relation to the Equation of State. G. Hertz. 
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Acoustic Analog of the Sommerfeld Surface Wave, 
K. F. Niessen. Physica 8, 337-343 (March, 1941), 
Vibration of Metallic Discs by Rhythmic Sublima- 
tion. T. OkAYA AND T. Tostist. Coll. Pap. Fac. Sci, 
Osaka Imp. Univ. B7, (1939); Sci. Abs. A44, 423 
(1941). 

Acoustical Refraction and Total Reflection. O. voy 
ScHMIDT AND A. KLING. Phys. Zeits. 41, 407-409 
(1940); Sci. Abs. A44, 1881 (1941). 

The Forced Vibrations of Tie-Rods. S. TIMOSHENKo, 
Theodore von Karman Anniversary Volume. Con- 
tributions to Applied Mechanics and Related Sub- 
jects. (Pasadena, 1941), pp. 226-230. 

Solid Carbon Dioxide as an Exciter of Vibrations, 
Mary D. WALLER. Nature 148, 185-187 (\ug. 16, 
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Review of Acoustical Patents 


HERBERT 


Printed copies of patents are furnished by the Patent 
Office at a cost of 10¢ each. Address all communications to: 
The Commissioner of Patents, Washington, D. C. Remit- 
tances should be made by postal money order, certified 


2,255,458 
2.2 ACOUSTIC DEVICE 


Masaichi Tominaga, Hasunuma-Cho, Kamtaku, Tokyo, 
Japan. 


September 9, 1941, U.S.P.O. Cl. 181-30, 2 Claims. 











A. ERF 
The H. A. Erf Acoustical Company, Cleveland, Ohio 


check or cash. Do not send stamps. 


The decimal numbers appearing before each title are the 


numbers which identify the subject headings in the Cumu- 
lative Index of this journal issued in November, 1939. 


A sound lock for openings such as doorways and venti- 


lators in sound test chambers. The walls of the sound lock 


are concentric and of sound-absorbing construction. A 


sound-absorbing cupola encloses the upper ends of the 


walls. 


2,255,571 


2.11 MEANS FOR ISOLATING MACHINERY 


Siegfried Rosenzweig. 
September 9, 1941, U.S.P.O. Cl. 248-22, 2 Claims. 





An arrangement of a sub-base having retaining walls per- 


pendicular to same with an organic material such as cork 


lining the interior of retaining walls. The base of the operat- 
ing machinery is so constructed that the cork retaining 
walls, of proper dimensions, support the base above the 
horizontal surface of the sub-base forming a trapped air 


pocket. 
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2,256,752 Incorporated in this invention is an electromagnetic 

2.11 RESILIENT MOUNTING a or erin deed serving ape on close a current 

drawn from the A battery serving to supply the plate 

Curt Saurer, assignor to Firestone Tire & Rubber Com- potential for the tubes, whereby this vibrator is designed 

pany. and adjusted to have a vibrating frequency which is high 

September 23, 1941, U.S.P.O. Cl. 248-22, 5 Claims. compared with the highest audible frequency of the person 
for whom the amplifier is constructed. 


2,257,262 
4.5, 5.5 AUDIOMETER 


Heiman W. Koren, assignor to Sonotone Corporation. 
September 30, 1941, U.S.P.O. Cl. 179-1, 10 Claims. 
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This invention relates to resilient mountings for use be- 


& 


tween two relatively movable members such as a motor 
and the supporting structure of the vehicle. It consists of 
a metallic tube lined with rubber under compression. This 
unit is attached to one movable member. The other mov- 
able member is attached to the core of the rubber lining 
through holes in the side of the metallic tube. 
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2,257,263 
4.5, 5.5 AUDIOMETER 


Heiman W. Koren, assignor to Sonotone Corporation. 
September 30, 1941, U.S.P.O. Cl. 179-1, 55 Claims. 


wa 
8 


An audiometer with the attenuator network so arranged 
and so correlated that the sound intensity delivered at the 
receiver is maintained substantially at the same level while 


This patent is a continuation-in-part of the above patent 
No. 2,257,262 and has to do with methods and arrange- 


ments for control and operation of the audiometer. ‘ : : 
the frequency of the test tone is varied over a selected 


part of the audible frequency range. 
2,257,840 


ork 
rat- 
ing 
the 
air 


4.5 HEARING AID AMPLIFIER 


William Dubilier. 
October 7, 1941, U.S.P.O. Cl. 179-107, 10 Claims. 


2,256,925 
5.1 NOISE MAKING TUBE 


Curtiss J. McCoy, assignor to Air-Line Manufacturing 
Company, Inc. 
September 23, 1941, U.S.P.O. Cl. 46-178, 10 Claims. 
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A sound effect device operated by air current flow pro- one of the geophones responding only to horizontal earth 

ducing a succession of ‘‘pops’’ resembling engine explosions. | motion and the other geophone responding only to vertical] 
earth motion, the electrical output of one geophone being 

2,257,859 the time derivative of the electrical output of the other 
geophone. 



















5.10 METHOD AND APPARATUS FOR 
RECORDING WAVES 





2,257,040 





Esme E. Rosaire and Fabian M. Kannenstine, assignors, 5.16 SOUND APPARATUS 
by mesne assignments, to said Rosaire. : : 
October 7, 1941, U.S.P.O. Cl. 181-0.5, 9 Claims. Karl Daniel, Cologne, Germany, assignor to Tefi-Ap- 
paratebau Dr. Daniel K.-G., Cologne, Germany. 


September 23, 1941, U.S.P.O. Cl. 274-24, 6 Claims. 
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An arrangement for adjusting the cutting depth of the 
cutting stylus in sound recording apparatus including a 
sound record carrier. 








A device for creating and locating sources of elastic 





waves. 2,257,995 
2,257,187 6.1 MUSICAL INSTRUMENT 
5.10 SEISMIC SURVEYING Neil B. Abrams and William J. Mills, assignors to Gibson, 


Inc. 
John E. Owen, assignor to Geophysical Research Corpora- October 7, 1941, U.S.P.O. Cl. 84-312, 13 Claims. 
tion. 
September 30, 1941, U.S.P.O. Cl. 177-352, 3 Claims. 
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An apparatus for receiving and recording artificial seismic A pitch changing device for musical instruments having 
waves. A pair of electrical geophones are arranged so as to _ provision for altering the tension of strings by a predeter- 
be substantially simultaneously actuated by earth motion; mined degree while playing. 
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2,257,285 


6.4 APPARATUS AND METHOD FOR TUNING 


Edward V. Sundt. 
September 30, 1941, U.S.P.O. Cl. 84-454, 9 Claims. 


This invention is a circuit for tuning percussion type 
musical instruments comprising an electrical pick-up 
placed close to the vibrating member to be tuned, an 
amplifier for the pick-up, a loudspeaker connected to the 
output of the amplifier which loudspeaker is placed adja- 
cent to the vibrating member to direct acoustic vibrations 
against surfaces thereof, a visual indicator meter connected 
between the amplifier and a source of standard frequency 
oscillations which indicates whether the vibrating fre- 
quency is sharp or flat. 


2,257,060 


6.6 TRANSPOSING KEYBOARD FOR PIANOS 
AND ACCORDIONS 


Theodore Keir Moilliet, Vavenby, British Columbia, 
Canada. 
September 23, 1941, U.S.P.O. Cl. 84-376, 4 Claims. 


A transposing attachment for pianos or other musical 
instruments comprising a stationary frame adapted to fit 
over the piano keyboard together with a movable frame, 
slide mounted, in the stationary frame 
the keyboard. 


, and movable across 


2,258,241 
6.9 ELECTRICAL MUSICAL INSTRUMENT 


Galan W. Demuth, assignor to Radio Corporation of 
America. 


October 7, 1941, U.S.P.O. Cl. 179-1, 9 Claims. 


ACOUSTICAL 


PATENTS 


ri 
wh 
“ 
uN 


WO 


® 


. 
| | 
T 
Galt 


&. 


wh eS 


ae a 
re a 








® 





® 


= ae. ae: ae 
ee ee 


An electrical musical instrument in which the alternate 
pick-ups are connected in opposite phase. 


2,255,579 
7.7 EXHAUST SILENCER 


Joseph George Blanchard, London, England, assignor of 
one-half to Cecil Gordon Vokes, London, England. 
September 9, 1941, U.S.P.O. Cl. 56-40, 11 Claims. 


An exhaust silencer comprising a plurality of silencing 
units mounted in a common casing. Each silencer is con- 
nected to a different cylinder and means are provided to 
discharge the gases of the individual silencers into the 
common casing. The latter is provided with outlets for the 
escape of gases therefrom. 











































































































































































































RECORDING 


1. A Phonograph Pick-Up of the Moving Coil Type. 
THEODORE LINDENBERG, JR., Fairchild Aviation Corpora- 
tion. (20 min.) (Demonstration.)—Since the earliest acous- 
tic phonographs passed into history and vacuum tube 
amplification became a practical reality, an ideal pick-up 
design has been the goal of recording engineers. This 
development has followed three basic types; magnetic, 
crystal and moving coil, and a new design of the latter 
forms the subject of this paper. Considering the physical 
mass of the moving elements of the three above-mentioned 
types and their mechanical construction, the writer’s design 
provides a considerable reduction of moving mass together 
with durable mechanical design. This reduction in mass, 
higher stylus compliance, lower stylus pressures, together 
with a unique “floating head” arm design, provide a fre- 
quency range and freedom from harmonic distortion which 
have been heretofore unattainable save with very fragile 
laboratory models. Inasmuch as the unit is a true generator, 
this paper also covers the design of a rather simple capaci- 
tance, resistance, equalizer to match output to the various 
recording characteristics in general use today. 


2. Properties of the Dulled Lacquer Cutting Stylus. 
C. J. LEBEL, Audio Devices, Inc. (15 min.)—The recent 
improvement in disk recording standards is emphasized. 
The combined cutting and burnishing action of a standard 
lacquer cutting stylus is explained. It is emphasized that 
cutting and burnishing take place simultaneously (in terms 
of wave-length) at low frequencies; but that at higher 
frequencies the two operations are separated by a discrete 
wave-length fraction; phase shift and attenuation result. 
These depend upon circumferential velocity, hence are 
worst at low rotational speed and small distance from the 
center of the record. The experimental study, therefore, is 
confined to 33} r.p.m. recordings at various diameters, and 
the recorded velocity as a function of frequency and di- 
ameter is determined for needles with different lengths of 
dulling. The effect of amount of dulling on surface noise is 
determined, and a technique for comparing the perfection 
of action of cutting and burnishing is given. It is emphasized 
that for modern quality standards the length of dulling 
must be restricted and that the resulting increase in surface 
noise is not of great importance. 


3. A Noise and Wear Reducing Phonograph Reproducer 
with Controlled Response. F. H. Go_psmitn, The Crosley 
Corporation. (15 min.) (Demonstration.)—A replaceable 
phonograph needle having a large radius stylus, a spring 
mounting and controlled damping has been developed in 
cooperation with Mr. John Reid. Improved results are 
obtained in record and stylus wear, reduction of acoustic 
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radiation and the ability to reproduce complex passages 
of large amplitude. In addition, this new needle affords 
protection against accidental damage to the stylus point 
and to the surface of the record. It is shown that by proper 
choice of constants it is also possible to eliminate com- 
pensating networks and thereby effect an increase in re- 
producer output. This device is in current production by 
the Webster Electric Company of Racine, Wisconsin, ana 
is used on the Crosley radio phonograph combinations, 
(The presentation of this paper will be accompanied by 
demonstrations of the benefits obtained with the new 
needle using sound reproduction, oscillographic illustration 
and slides.) 


4. A Large Radius Stylus for the Reproduction of Lateral 
Cut Phonograph Records. Jonn D. Rein, The Crosley 
Corporation. (15 min.) (Demonstration.)—This paper 
shows that novel and unexpected benefits are obtained by 
use of a stylus of sufficiently large tip radius to contact 
only the upper portions of the side walls of a laterally cut 
phonograph record groove. The benefits are: (a) an increase 
in high frequency output; (b) a decrease in acoustic radia- 
tion from the surface of the record; (c) an increase in record 
life; (d) an increase in stylus life; (e) a decrease in picked 
up scratch from both new and worn records; (f) a decrease 
in stylus point pressure required for proper tracking. A 
stylus tip which will give this performance for the case of 
standard commercial records has a radius on the order of 
4.2 mils or nearly double the radius of 2.3 mils heretofore 
thought most desirable. This device is in commercial use 
in conjunction with the Crosley radio-phonograph com- 
binations and is the subject of U. S. patent 2,251,204. In 
commercial use the large radius stylus is combined with a 
special spring mounting and drives a crystal cartridge. The 
spring mounted stylus was developed in conjunction with 
Mr. Frank Goldsmith and the additional benefits obtained 
thereby are explained in the preceding paper. (The presen- 
tation of this paper will be accompanied by demonstrations 
of the benefits obtained with the large radius stylus utilizing 
both sound reproduction and oscillographic illustration.) 


5. The Influence of Elastic Properties of Disk Material 
upon the “Pinch-Effect” in Lateral Recording. S. J. 
BEGUN AND T. E. Lyncu, The Brush Development Company. 
(15 min.)—It has been held that the properly designed 
lateral phonograph pick-up should have incorporated be- 
tween the stylus tip and the generating unit, an element 
which is flexible to vertical motion and does not generate 
voltages due to vertical excitation. This flexibility is sup- 
posed to reduce the mass forces generated by the ‘‘pinch- 
effect” vertical accelerations to a minimum, and thus 
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reduce groove and stylus wear and also harmonic distor- 
tions. It is shown, however, that the elastic properties of 
all common disk materials is such that the stylus rides in 
pockets in the groove walls, and these displacements or 
pockets have a value given by the stylus forces generated 
by the groove geometry. It is further shown that the 
“pinch-effect” forces can be absorbed by the elastic prop- 
erties of the record material without destructive forces. 
From this it appears that there is no practical necessity for 
providing the aforementioned coupling member between 
stylus tip and generating element in the lateral pick-up. 


6. A Discussion of Several Factors Contributing to 
Good Recording. R. A. Lynn, National Broadcasting 
Company. (15 min.)—It is the desire, in using transcrip- 
tions, that the reproduced quality be a facsimile of the 
original program. The recording unit, the disk, and the 
reproducing unit play important parts in achieving the 
desired results. A discussion of the operating characteristics 
of these items is presented. 


HIGH FIDELITY FROM THE MUSICIAN’S VIEWPOINT 


8. WILMER T. BARTHOLOMEW, Peabody Conservatory of 
Music. (15 min.)—Many musicians are typically suspicious 
or condescending toward reproduced sound. Some of their 
common criticisms are discussed in this paper, together 
with their psychological implications. 


9. ErNEsT LA PRApDE, National Broadcasting Company. 
(20 min.)—In recent years high fidelity sound reproduction 
has been widely publicized, but whether the public really 
wants it is an open question. Observers have long noted a 
tendency among untrained music lovers to favor low- 
frequency tone. They seem to prefer the contralto voice 


NOISE ABATEMENT 


10. City Noise. SHIRLEY W. Wynne, M.D. (20 min.)— 
While noise was recognized as a nuisance prior to 1928 
there was no authoritative evidence that it was a health 
hazard. Consequently Health Departments experienced 
difficulty in suppressing loud noises except during the 
hours between 11 P.M. and 7 A.m., and then only on the 
basis that loud noises disturbed sleep. Since that time 
scientifically conducted experiments have demonstrated 
definitely that loud noise does affect health, not only by 
disturbing our sleep at night but by causing us to react at 
all times. It has likewise been demonstrated that noise 
lessens the efficiency of children at school and workers in 
the office and factory. As soon as the general public realizes 
that noise is injurious, engineers will find means of lessen- 
ing it. The public has failed to make use of this knowledge 
as it has failed to make use of much of the knowledge of 
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7. The Recording Laboratory in the Library of Congress. 
JEROME B. WIESNER, Library of Congress. (20 min.) 
(Demonstration. )—The work of the Recording Laboratory 
in the Library of Congress can be divided generally into 
two main divisions: the collecting, processing and preserva- 
tion of records made elsewhere, and the making of field 
recordings to be stored in the Library. Included in the first 
category is the work of duplicating old cylinders on disks, 
of repairing broken cylinders and disks and processing all 
types of disks for storage when they come into the Library. 
In the other category fall such endeavors as developing 
and assembling field equipment, organizing expeditions, 
duplicating field records and so on. At the present time 
the Library has nine expeditions in the field collecting 
folk music and folk lore, to be preserved in the stacks of 
the Library. The equipment of the Library includes port- 
able field sets, a recording truck, a large Laboratory, 
installation of recording machines, special cylinder and 
film machines and a machine under development at this 
time for playing broken disks. 


Chairman, E. C. WENTE 


to the soprano, the ‘cello to the violin, etc., and this 
tendency is confirmed by a survey made in 1940 by Samuel 
E. Gill which showed that owners of radio receivers 
equipped with tone control mechanism seldom used that 
device to obtain the maximum available frequency range. 
Such preference for low pitches suggests that the desire 
for increased frequency range is something less than uni- 
versal. However, fidelity is not solely a question of fre- 
quency. Faithful reproduction of music involves other 
factors, such as dynamic range, studio acoustics, balance 
and perspective. Higher fidelity in these respects might 
prove more valuable and more acceptable to the public 
than increased frequency range. 


Chairman, VERN O. KNUDSEN 


preventive medicine which we have acquired within 
recent years. 


11. Report of Activities of the National Noise Abate- 
ment Council. GeorGcE P. LirtLE AND F. EpGAR McGEE, 
The Celotex Corporation and Remington Rand, Inc. (15 
min.)—In 1940 Mr. J. H. Rand wrote the heads of several 
prominent business concerns reminding them of the various 
sporadic attempts toward noise abatement throughout the 
country, and suggested that since these companies manu- 
factured products that minimized noise, it might be in 
order for them to meet and discuss the possibility of co- 
operatively assuming this job on a national scale. Out of 
this meeting grew the National Noise Abatement Council. 
The enthusiastic participation of local committees and 
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organizations in the National Council’s program, which 
centered around Noise Abatement Week as a practical 
beginning, indicates that this movement has definitely 
established itself in the national scene. Local committees 
in most of the principal cities participated in this activity 
in 1941. The Council has again uncovered a tremendous 
national interest in noise abatement, and has apparently 
found a practical way to deal with the problem through a 
nation-wide effort, as recommended by the Noise Com- 
mittee of the Acoustical Society several years ago. It is 
hoped that a means of cooperation between the Council 
and the Acoustical Society can be originated during this 
noise abatement session. 


12. The Acoustical Society and Noise Abatement. PAuL 
E. SABINE, Riverbank Laboratories. (15 min.)—This paper 
considers the possible fields of cooperation between the 
Acoustical Society and its membership with groups inter- 
ested in noise abatement on a nation-wide scale. It empha- 
sizes the fact that the ultimate objectives of acoustical 
research and technology lie in their application to hu- 
manitarian ends rather than in the advancement of pure 
science. Hence, there arises an dbligation on the part of the 
Society to promote actively a movement directed toward 
the alleviation of noise in the working and living conditions 
of the community as a whole. Various ways and means of 


participation in a long range program for noise abatement 
are suggested. 


13. History of Noise Abatement in New York City. 
Ernest H. PEABopy, League for Less Noise. (15 min.)— 
The history of early attempts to suppress noise in New 
York City is traced, including personalities involved, cam- 
paigns undertaken, political aspects of the movement and 
present status of noise abatement in New York. 


14. Greater Chicago Noise Survey. H. A. Leepy, 
Armour Research Foundation. (15 min.)—As a part of the 
program of the Noise Reduction Council of Greater 
Chicago, a survey of the magnitude of the noise in Chicago 
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and suburbs has been undertaken. The purpose of this 
survey has been twofold: (1) To measure the magnitude 
of the noise at selected locations in Chicago and suburbs; 
(2) To determine from these measurements the most in. 
tense and most prevalent sources of noise. Most of the 
measurements to date have been made with a recording 
apparatus consisting of an ordinary sound-level meter, a 
logarithmic amplifier and a pen and ink recorder. At a 
given station the noise level was usually recorded for a 
ten-minute period and from the record thus obtained, the 
average maximum and minimum noise levels determined, 
In addition, whenever possible, the peak noise levels on 
the chart were identified with a particular source of noise. 
This portion of the Council’s program has been very effec- 
tive in producing an increased public interest in noise 
reduction, and it is hoped that the final results will be of 
value in making recommendations for noise reduction and 
in aiding the setting up of a city noise code. 


15. What Can the Hospital Do about Noise? Cuar.es 
F. NEERGAARD, Consultant Hospital Planning and Manage- 
ment. (15 min.)—Noises which are disturbing to hospital 
patients are listed and methods are outlined for the control 
of such noises: minimum standards for sound insulation 
and acoustic treatment, and costs of adequate preventive 
measures. 


16. The Effect of High Intensity Noise Levels on Sur- 
rounding Areas. J.S. PARKINSON, Lieutenant, U. S. N. R. 
(15 min.)—The noise generated by airplane motors under 
test is of such high intensity that it may be annoying for 
distances of one-half mile or more and may be audible for 
distances up to twenty miles. Normal atmospheric radia- 
tion losses were investigated over a wide range of frequency 
bands. These losses approximated the inverse square rela- 
tionship except at high frequencies. The effect of obstruc- 
tions such as buildings is noted. The observations permit 
general conclusions as to what levels will be tolerated 
during the day and at night by residents of surrounding 
areas. 
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17. Apparatus for the Direct Measurement of Force- 
Displacement Characteristics of Mechanical Systems at 
Audiofrequencies. J. R. Haynes, Bell Telephone Labora- 
tories, Inc. (15 min.)—Dynamic characteristics of displace- 
ment as a function of driving force applied to mechanical 
systems are obtained by using a piezoelectric crystal to 
measure the dynamic force and a parallel plate condenser 
to measure the resulting displacement. The voltages de- 
veloped across the crystal and condenser are amplified 
and impressed on the vertical and horizontal plates of a 
cathode-ray oscilloscope. In this way a trace of displace- 
ment as a function of the driving force for the mechanism 
attached to the crystal is obtained. The area of this force- 
displacement characteristic is the energy dissipated by the 
mechanism per cycle. Viscous dissipation may be easily 
‘separated from hysteretic. The reactance and mechanical 
resistance may be derived from the shape of the oscillo- 


graph trace. The apparatus has been used to study the 
dynamic characteristics of carbon transmitters, the in- 
herent amplification and distortion of microphonic con- 
tacts, and the sliding of metal contacts. 


18. Acoustic Experiments with an Electronic Switch. 
S. K. Wor, Acoustic Consultants, Inc. (15 min.)—Some 
recent experiments in the generation, transmission, and 
reproduction of segmented portions of continuously flowing 
electric sound currents indicate interesting auditory phe- 
nomena similar and perhaps as important in the field of 
acoustics as the phenomena known as the persistence of 
vision in the field of optics. These experiments have been 
made by means of an electronic switch capable of trans- 
ferring at varying and equal or unequal rates the audio- 
electric currents from a common circuit to two or more 
independent circuits. The paper will discuss specific experi- 
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ments performed and will suggest other experiments in the 
generation, reception, amplification, control, recording, 
and reproduction of sound or intelligence. The use of this 
system offers interesting possibilities in secret and con- 
fidential communications, more economical transmission, 
and stereophonic effects in radio and sound-picture repro- 
duction by means of minor and inexpensive modifications 
of existing systems. 


19. Acoustic Filtration by Membranes. Louis W. 
Lapaw, Brown University. (10 min.)—The vibrations of 
single membranes have been studied both theoretically and 
experimentally, but no application has been made of these 
vibrations to acoustic filtration. Since one membrane 
executing forced vibrations will resonate in frequency 
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intervals characteristic of the tension and surface density, 
a sequence of similar membranes spaced at equal intervals 
in an acoustic conduit should render the conduit an acoustic 
filter. A theoretical prediction of the transmission may be 
made by using the relationship between the exciting pres- 
sure and the normal displacement of the membrane, as one 
of the boundary conditions in the ordinary acoustic filtra- 
tion theory, while still assuming plane waves. The experi- 
mental agreement is good up to 5000 cycles despite the 
approximations. A brief study of the filtering action of the 
above conduit when the membranes are pierced to make a 
small circular hole at the center has been carried out 
experimentally. This changes the filter from a high-pass 
to a low-pass type. Further studies on these annular 
membrane filters are in progress. 
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20. Some Aspects of the Transient and Steady State 
Tones of Organ Pipes and of Vibrating Strings. A. W. 
NoLLE AND C. P. Boner, University of Texas. (15 min.)— 
An oscillographic study of the initial transients of a large 
number of organ pipes reveals characteristics of these 
transients peculiar to each organ tone family. The duration 
of these transients is measured and is found to vary with 
tone family and with pitch. The effects of certain factors 
upon the initial transients are studied. Inharmonic partials 
are observed in some of the transients. The relationships 
between the partials in the steady state tones of normally 
blown organ pipes are investigated by highly accurate 
methods of frequency comparison. The partials in this 
case are found to be harmonic to a high degree of accuracy. 
An oscilloscopic method of comparison between the fre- 
quencies of the partials of a vibrating string shows that 
the partials of the vibrating string may be inharmonic in 
the state of free vibration (transient state), but reveals 
only harmonic relations between the partials of the string 
in the state of steady (forced) vibration. 


21. Some Characteristics of the Tuning of Valved Wind 
Instruments. RoBpert W. YouncG, C. G. Conn, Lid. 
(15 min.)—Experimental evidence on the actual tuning of 
“brass” instruments demonstrates the magnitude of the 
discrepancies in tuning resulting from the dual use of 
valves singly and in combination. The effectiveness of the 
valve tubing in lowering the frequency varies somewhat 
with different modes of vibration. Moreover, the fre- 
quencies of the normal modes are shown to be not neces- 
sarily in the ratio of small integers. This refutes the expla- 
nation often given in treatises on the acoustics of wind 
instruments that the series of sounds elicited, for example 
from the cornet without the use of valves, forms the har- 
monic series. Actually the fifth, sixth and eighth modes 


are likely to be found sharper than the “harmonic’”’ values. 
For a steady musical tone each mode of vibration has 
associated with it harmonic overtones whose frequencies 
are not in general those of the various normal modes. In 
order to obtain a clear understanding of the action of wind 
instruments, terms such as harmonic, partial, and over- 
tone used in the description of tone quality should be 
distinguished carefully from the normal modes of vibration 
of an arbitrarily shaped air column whose frequencies may 
or may nor be in the ratios of small integers. 


22. Directivity and the Acoustic Spectra of Brass Wind 
Instruments. DANIEL W. MArtTIN, University of Illinois. 
(15 min.)—A single-point harmonic analysis of the pressure 
wave radiating from a brass instrument is inadequate as a 
physical expression of the instrument’s acoustic output. 
This is partly due to the dependence of the analysis upon 
the relative position of the receiver. A complete statement 
would require a rather laborious expression of the analysis 
as a function of position. Probably an analysis of the total 
power output is the simplest single expression which is an 
improvement over the point analysis. Measurements of the 
directional radiation characteristics of several instruments 
in an outdoor location were obtained by driving the horn 
electroacoustically and plotting the sound pressure field. 
By integration of the intensity over a sphere, a ratio is 
obtained between the total power of a cornet and the 
power of a non-directional source having the same pressure 
amplitude as on the cornet’s axis. A curve of this ratio is 
used to convert from an axial pressure wave analysis to 
the total power analysis which is a more representative 
property. Also when experimental changes are made in 
any part of the instrument except the bell, such a conver- 
sion curve expedites a study of the effect of the change on 
the power output analysis. 
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23. Performance of Broadcast Studios Designed with 
Convex Surfaces of Plywood. C. P. Boner, University 
of Texas. (15 min.)—This paper is a preliminary report on 
the performance of a number of broadcast studios designed 
with convex plywood surfaces. Reverberation-frequency 
characteristics, obtained by high speed level recorder, are 
presented as a basis for preliminary estimates of the 
absorption coefficient of the plywood cylinders. The effect 
of painting is estimated from studies on studios in various 
stages of finishing. Insofar as they are available, experiences 
of studio personnel in using these studios will be given in 
the paper. 


24. Polycylindrical Diffusers in Room Acoustic Design. 
Joun E. VoLKMANN, RCA Manufacturing Company. (15 
min.)—Recent acoustic design of studios, auditoria, and 
other enclosures has led to the use of polycylindrical 
wooden surfaces for obtaining a more uniform decay of 
sound and for minimizing the detrimental interference 
effects due to first reflections. A comment often made in 
first walking into a room with polycylindrical diffusing 
surfaces is that it ‘feels’ or ‘‘sounds’’ larger than the 
ordinary room with parallelepiped construction. To obtain 
the maximum diffusing action in the direction of the three 
orthogonal planes, the axes of the polycylindrical surfaces 
should lie mutually perpendicular to each other. The major 
dimensions of the enclosure should preferably be in the 
ratio of the cube root of two or in even multiples thereof. 
Charts and illustrations of typical applications of the 
diffusers will be given. 


25. An Acoustic Tube for Measuring the Sound Absorp- 
tion Coefficients of Small Samples. D. P. Love Anp R. 
L. MorGan, Electrical Research Products, Inc. (15 min.)— 
A brief resumé is given of two methods of using the 
acoustic tube for measuring the sound absorption coeff- 
cients of samples of acoustical materials. Following this, 
the authors describe a rapid method of using the acoustic 
tube to measure absorption coefficients on a commercial 
basis. The paper contains a description of a new, simplified 
acoustic tube built to take advantage of this method of 
measurement. 


26. Contemporary Problems in Television Sound. C. L. 
TOWNSEND, National Broadcasting Company. (15 min.)— 
The present rapid development of television is introducing 
new problems in sound pick-up and operation. As the art 
progresses, engineering tools and methods must not only 
keep pace with, but generally anticipate, the needs of the 
program-producing staff in the production of more and 
more intricate material. The nature of the acoustic prob- 
lems so raised, and their solutions, are treated in this paper. 
New tools necessary to proper operation and the methods 
of their employment are discussed. For a better under- 
standing of television requirements, the methods normally 
employed in motion pictures and standard radiobroad- 

‘casting are compared with those in use in the present 
television studio. Some indications as to what may be 
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required in the near future are discussed and Possible 
developments suitable for such use are described. 


27. An Analyzer for Sub-Audible Frequencies. H. . 
Scott, General Radio Company. (15 min.)—The low fre. 
quency degenerative analyzer is the latest development in 
a line of measuring equipment designed particularly for 
industrial noise and vibration applications. Based upon 
the principle of selectivity through inverse feedback, which 
was first described four years ago and which is particularly 
adapted to low frequency applications, the new Type 
762-A vibration analyzer extends the range of accurate 
measurements down to 23 cycles per second. The instru- 
ment is intended primarily to supplement the Type 761-A 
vibration meter, but is also useful in other applications 
where a low frequency analyzer, tuned amplifier, or filter 
is required. Design details and applications of the instru- 
ment will be described. 


28. The Stapedius Muscle in Relation to the Conduction 
of Sound to the Inner Ear. ERNEST GLEN WEVER AND 
CHARLES W. Bray, Princeton University. (15 min.)—The 
action of the stapedius muscle was simulated by applying 
tension to a thread attached to the stapedius tendon. 
The experiments were performed on cats under Dial anes- 
thesia and curare, and the electrical responses of the 
cochlea were used to measure the effects. The application 
of tension to the stapedius tendon causes, in general, a 
reduction of transmission. The change is greatest for low 
tones, and grows less as the frequency is raised. Excep- 
tional effects are shown for a limited range of tones in the 
region of 2000~; for these tones slight tension may cause 
an increase in response. However, this increase is limited, 
and as the tension is further raised the response passes 
through a maximum and rapidly falls. For all tones, there- 
fore, transmission is reduced by large tensions. The results 
thus show that the function of the stapedius muscle is 
fundamentally that of protecting the ear against over- 
stimulation. Observations were made also on the effects 
of tension upon the patterns of distortion in the ear. 
These results will be discussed in relation to the general 
problem of auditory distortion. 


29. An Experiment on Middle Ear Deafness. KARL 
Lowy, M.D., University of Rochester. (15 min.)—If the 
chain of ossicles or the stapes foot-plate are immobilized, 
sound is supposed to reach the inner ear mainly through 
the round window. This causes reversal of phase, as 
Békésy tried to prove by experiments on sound localiza- 
tion. This explanation, however, leads to difficulties in 
interpreting deafness in otosclerosis, as has been shown 
by Pohlman. An animal experiment which permits us to 
study phase relations as affected by increased immobiliza- 
tion of the ossicles is described and discussed. It can be 
shown by direct observation that the change in phase is 
gradual. Considering that fact, the explanation of oto- 
sclerotic deafness seems possible without difficulty. 
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30. Temporary Deafness in Birds. CHARLES W. Bray 
anp W. R. THuRLow, Princeton University. (15 min.)— 
It has been reported by hunters that certain birds become 
temporarily deaf. Ewald suggested that the deafness is 
caused by a change of intralabyrinthine pressure resulting 
indirectly from opening the mouth. In order to test Ewald’s 
hypothesis, the electrical responses of the cochlea to sound 
stimulation were observed in the pigeon with mouth open 
and with mouth closed. The results show that the cochlear 
responses are reduced when the mouth is opened. Even 
slight movements of the lower jaw, such as those sometimes 
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associated with breathing, produce a noticeable effect. 
The maximum effect, occurring when the mouth is wide 
open, varies from 8 to more than 40 db. The effect occurs 
for all frequencies used, from 100 to 10,000 cycles. It is 
suggested that the primary source of the effect is tension 
on the ear drum rather than a change in intralabyrinthine 
pressure. It may be concluded that movements of the 
mouth of the pigeon, even such movements as those of 
eating, drinking and singing, impair the hearing of the 
bird to a considerable extent. 
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31. An Appeal to Science for Specialized Hearing Aids 
of True Selective Amplification. Matic E. Winston, The 
Wright Oral School. (10 min.)—Research engineers during 
recent years have added much to the development of the 
present-day hearing aids. However, I cannot accept the 
school of thought determining that a limit of the develop- 
ment has been reached. Somehow, a greater offering must 
yet be possible for the aid of the hard-of-hearing baby. 
I am deeply concerned that greater progress be speedily 
made in the development of the means to reach the 
residuum of hearing possessed by the very young deaf— 
literally thousands of babies—coming on to school age. I 
am keenly aware that we should be able to offer this ever- 
increasing number of our population a better chance in the 
effort to take a rightful normal place in the family circle 
and in business life, which means a better use of the 
residual hearing by reaching it with all we have to give 
for all it can take. 


32. A Method for Measuring the Percentage of Ca- 
pacity for Hearing Speech. EDMUND PRINCE FOWLER, 
M.D. (20 min.)—Actual speech cannot be used for meas- 
uring the capacity to hear. Speech is made up of many 
frequencies and intensities and depends for its understand- 
ing so much upon background, practice, environment, 
inherited and acquired reactions in mental, neural and 
muscular coordinations and in attention. The most de- 
pendable method for testing is with a pure tone audiometer, 
but the threshold curve of hearing (the audiogram) alone 
does not show how much a person can hear unless it is 
used in conjunction with the relative importance of the 
different frequencies for hearing speech and the hearing 
for sounds well over threshold. The total capacity of the 
human being to hear speech depends upon the use of his 
two ears and the percentage of loss of capacity varies in 
proportion to the decibel losses in different frequency 
regions and the different degrees of “recruitment’’ of 
loudness due to nerve deafness. A simple method for 
coordinating the physical measurements and clinical data 
observed in both nerve and obstruction deafness is set 
forth and a table is constructed for estimating the per- 
centage of loss of capacity to hear speech. By changing 
the weighting, the method may be used in other categories 
of hearing function. 


33. Relation of Audiogram Measurements to Hearing- 
Aid Characteristics Based on Commercial Experience. 


Chairman, J. B. KELLY 


F. W. Kranz Aanp C. E. Ruptcer, Sonotone Corporation. 
(20 min.)—This paper will review the significant classi- 
fications of audiograms taken in connection with the testing 
of hard-of-hearing people for the fitting of hearing aids 
and also the response characteristics of the hearing aids 
which have by experience been found to be suited to these 
various classes of hearing defects. The relative value of 
bone and air conduction will be mentioned as will also the 
audiogram records of people whom it has been found 
difficult to fit satisfactorily with a hearing aid. Results 
reported in this paper will be based on commercial expe- 
rience in the hearing-aid field. 


34. Hearing Aids: Uniform and Selective: Monaural, 
Diotic and Binaural; Air and Bone Conduction. NoRMAN 
A. Watson, University of California at-Los Angeles. (20 
min.)—Extensive articulation tests with laboratory equip- 
ment on an individual with a marked, primarily-conductive 
impairment have shown that for such an impairment for 
equal levels above threshold: (1) An amplifier prescribed 
according to the ‘“‘most comfortable equal loudness curve” 
is superior to one prescribed according to a “most com- 
fortable” curve, which in turn is better than a uniform 
amplifier; (2) Bone conduction is more satisfactory than 
air conduction if a high pass filter with cut-off frequency of 
350 cycles is used in conjunction with the bone receiver; 
(3) Air and bone conduction together are superior to either 
alone; (4) When air conduction is used, frequencies up to 
350 cycles and above 6500 cycles may be cut off without 
appreciably affecting the articulation. (Similar tests on an 
individual with monaural high frequency impairment have 
shown that low frequencies up to 350 cycles can be elimi- 
nated for either ear without markedly affecting the articu- 
lation.) Further tests with wearable vacuum tube aids on 
the individual with conductive impairment, have shown 
(1) the superiority of a binaural aid over a monaural aid, 
and the equivalence in articulation of a monaural and a 
diotic aid; (2) approximate equivalence of bone and air 
conduction, with crystal units being used in each case. 


35. A Basis for the Prediction of Performance of Deaf 
Aids. CHarLEs M. R. BABI, Radio-Aid, Ltd. London. 
Read by R. L. Wegel, Bell Telephone Laboratories, Inc. 
(15 min.)—A relation can be established whereby the 
performance of a deaf aid can be rated in a manner com- 
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parable with other scientific apparatus. By using normal 
hearing observers determinations were made for repre- 
sentative types and makes of hearing aids, of the relative 
distances compared with a laboratory reference system for 
equal intelligibility. Test equipment consisting of a micro- 
phone amplifier was devised for determining a patient’s 
intelligibility loss in decibels. From the data obtained with 
the normal hearing observers, taking into account the 
inverse square variation of intensity with distance and 
from the patient’s intelligibility loss, it was possible to 
formulate a chart from which to assess the benefit to be 
derived by the employment of any particular deaf aid 
for any person suffering with a deafness up to 70 db. 
Data are given on the number of deaf aids in use in the 
United Kingdom since 1918. 


36. Some Considerations Relative to the Calibration of 
Bone-Conduction Receivers for Audiometers. L. A. 
Watson, The Maico Company, Inc. (20 min.) (Demonstra- 
tion.)—In the past, confronted with the problem of estab- 
lishing a normal zero reference level or threshold for bone- 
conduction calibration of an audiometer, some engineers 
set the zero point for the bone-conduction receiver on a 
basis of equal loudness or audibility as compared to the 
air-conduction receiver at threshold. The writer has ob- 
served that in every instance where an audiometer has 
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been so calibrated that the bone-conduction receiver has 
equal loudness (sensation loudness to the normal human 
ear) with the air-conduction receiver at threshold of zero 
level, the bone-conduction receiver invariably appears to 
be excessively loud as compared to the air-conduction 
receiver at a level 30 or 40 decibels above threshold. 
Investigation reveals that there is a certain “non-linearity” 
of attenuation or sensitivity for normal human bone con. 
duction as contrasted with normal human hearing by air 
conduction. This appears to be partially if not wholly due 
to the absorption of a certain amount of power by the 
mass or inertia of the heavy bones of the skull in contrast 
to the more delicate mechanism of the middle ear. With 
this ‘‘non-linearity” of attenuation by bone conduction 
in mind, an audiometer should be calibrated for accurate 
bone conduction on a basis of equal loudness with the air- 
conduction receiver at a level 30 or 40 decibels above the 
normal air-conduction threshold. An interesting phenome- 
non can be demonstrated here with two audiometers the 
bone- and air-conduction receivers of each of which are in 
perfect balance at 30 decibels of loss. Reduce the intensity 
of the air-conduction receiver by 25 decibels. To reach a 
comparable intensity level with the bone-conduction re. 
ceiver only 15 decibels of attenuation is generally required. 
This will be demonstrated with audiometers. 
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